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ABSTRACT
PROTECTION AND DISTURBANCE MITIGATION OF NEXT GENERATION
SHIPBOARD POWER SYSTEMS
Marounfa Djibo
Old Dominion University, 2021
Director: Dr. Chung Hao Chen

Today, thanks to modern advances mainly in the power electronics field, megawatt-level
electric drives and magnetic levitation are being integrated into the marine power grids. These
technologies operate based on Direct Current (DC) power which require Alternating Current (AC)
to DC conversion within the current grid. Medium-voltage Direct Current (MVDC) and Flywheel
Energy Storage Systems (FESS) are the next state-of-the-art technologies that researchers are
leaning on to produce, convert, store, and distribute power with improved power quality,
reliability, and flexibility. On the other hand, with the extensive integration of high-frequency
power electronic converters, system stability analysis and the true system dynamic behaviors
assessment following grid disturbances have become a serious concern for system control designs
and protection.
This dissertation first explores emerging shipboard power distribution topologies such as
MVDC networks and FESS operation with charge and discharge dynamics. Furthermore, the
important topic of how these systems perform in dynamic conditions with pulsed power load,
faults, arc fault and system protection are studied.
Secondly, a communication-based fault detection and isolation system controller that
improves upon a directional AC overcurrent relay protection system is proposed offering
additional protection discrimination between faults and pulsed-power Load (PPL) in MVDC

systems. The controller is designed to segregate between system dynamic short-circuit fault and
bus current disturbances due to a PPL.
Finally, to validate the effectiveness of the proposed protection controller, different bus
current disturbances are simulated within a time-domain electromagnetic transient simulation of a
shipboard power system including a PPL system operating with different ramp rate profiles, pulse
widths, peak powers, and fault locations.
This overarching goal of this work is to address some of the critical issues facing the US
Navy as warfighter mission requirements increase exponentially and move towards advanced and
sophisticated pulsed power load devices such as high energy weapon systems, high energy sensor
and radar systems. The analyses and proposed solutions in this dissertation support current
shipbuilding industry priorities to improve shipboard power system reliability and de-risk the
integration of new power system technologies for next generation naval vessels.

Co-Director: Dr. Paul Moses
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NOMENCLATURE

AC

Alternating Current

AIS

Artificial Immune System

ARM

Arc Resistance Method

ATG

Auxiliary Turbo Generator

AVM

Average-Value Modeling

BESS

Battery Energy Storage System

CS

Cable Section

DC

Direct Current

D-Q

Park Transformation

E

stored kinetic energy

EI

Energy Incident

EMC

Electromagnetic Compatibility

EMI

Electromagnetic Interference

ESD

Energy Storage Device

ESS

Energy Storage Systems

FESS

Flywheel Energy Storage system

FFL

Feed-Forward Loop

J

Moment of Inertia

KCL

Kirchoff’s Current Law

KVL

Kirchoff’s Voltage Law

LIFP

Local Information-based Fault Protection
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LVAC

Low Voltage Alternating Current

MG

Motor Generator

MPM

Maximum Power Method

MTDC

Multi-Terminal DC

MTG

Main Turban Generator

MVDC

Medium voltage Direct Current

NFPA

National Fire Protection Association

OCR

Overcurrent Relay

PCM

Power Conversion Module

PGM

Power Generation Module

PID

Proportional Integral Derivative

PMSM

Permanent Magnet Synchronous Generator

PPL

Pulsed-Power Load

PPM

Propulsion Motor Module

PPT

Pulsed-Power Technoloy

PWM

Pulsed Width Modulation

RMS

Root Mean Square

SCES

Super-Capacitor Energy Storage

SMES

Superconducting Magnetic Energy Storage

SSCB

Solid State Circuit Breakers

SWB

Switchboard

IEC

International Electrotechnical Commission

𝐼

Transition Current
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TCCC

Time-Current Characteristic Curve

TCR

Thyristor Controlled Rectifier

TMS

Time Multiplier Setting

UPS

Un-interruptible Power Supply

VSC

Voltage Source Converters
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CHAPTER 1
INTRODUCTION

1.1

SHIPBOARD POWER SYSTEM
Marine power has seen a significant paradigm shift in supplying electrical power to naval

vessels as capability requirements have more demanding applications for new and dynamic hotel
and propulsion loads for next generation of ships. The generated energy is expected to supply
variable loads such as propulsion drives, propulsion monitoring and control systems, high energy
sensors, radar, weaponry, and pulsed-power systems. Conventionally, these loads are interfaced
with a transformer for galvanic isolation and/or impedance or voltage scaling. Even though these
transformers are vital for both classical and modern marine power distribution systems, their size
and weight represent a big concern for proper ship operation in terms of boat stability, limited
compartment space and hydrodynamic performance [1].
Depending on the application, different Energy Storage Devices (ESD) such as: batteries,
capacitors, flywheels suitable for high power-density application, and super-capacitors can be used
to maintain power stability.

A Flywheel Energy Storage System (FESS) stores energy

mechanically and is suitable for high power-density application such as pulsed-power. When
compared to batteries, flywheels require less energy to stay charged and to be cooled where
batteries require air conditioning to avoid thermal instabilities, which is especially critical in
emerging lithium-based battery technologies. Electromagnetic Launch System requirements on
an ESD are low impedance, long discharge times, and a large amount of stored energy [2].
Consequently, a suitable energy storage element for a launch system will be inductive because it
stores its energy in the form of magnetic field. New developments have revealed that the
integration of an ESD into an electrical power system can have a positive impact on the overall
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system stability and efficiency [2], [3]. The stored energy can be used in the form of a spinning
reserve to compensate for sudden peak demands [4] above generator capabilities.
On the other hand, historically, particularly during the 20th century, Edison’s push for DC
generation, distribution and utilization lost the battle against Westinghouse and Tesla’s AC
electrical system. Back then, it was discovered that DC circuit breakers, unlike AC circuit breakers
cannot make use of zero crossing points to assist in clearing faults, and therefore must be oversized
to do the same duty as its equivalent AC circuit breaker. Furthermore, DC distribution systems
lacked protection which capped its distribution system to 1000 v ratings on naval vessels. Today,
thanks to modern advances mainly in the power electronics field, electric drives and magnetic
levitation are being integrated into the marine power grids. These innovations operate based on
DC power which, depending on the grid type, may require a power conversion module within the
existing grid. In addition, more low-level end DC load users have evolved including combat
systems, computer control equipment in many subsystems, lighting, heating, and many others
which raise the question of AC marine power systems becoming obsolete. To address these issues
a re-evaluation of future shipboard power grid layouts and current installation practices is
inevitable [5].
DC networks, which serves as a platform for many DC based processes [6] and an
additional layer of infrastructure between the transmission and distribution systems has attracted
the attention of many researchers. Its implementation not only facilitates the integration of
renewable energy and energy storage into the shipboard power grid, but also aims to increase the
reliability, efficiency, and reduction in weight from dispensing with bulky AC equipment such as
transformers. Low level consumer units may need to use dedicated power conversion modules on
demand basis. These new paradigm shifts in shipboard applications are migrating away from the
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established knowledge and experiences in conventional AC distribution system design. Therefore,
significant work is needed to understand and de-risk these new design evolutions especially
considering the integration risks and complex interactions of these power conversion modules and
energy storage behavior with new dynamic behavior and fault signatures.

1.2

DISSERTATION AIMS
Shipboard power systems can be considered as micro grids due to their size and limited

number of fixed generators. Despite the many advancements in power systems over the past
century, the old legacy AC system is still the most prevalent in both the terrestrial and marine
power fields. This dissertation aims to address the question of how future shipboard power system
architectures should be developed for improved system dynamic response with emerging energy
storage requirements and fault protection. Moreover, it also aims to highlight and propose a
solution to some of the outstanding challenges that have been left out in the literature concerning
FESS operation and Medium Voltage DC (MVDC) systems during dynamic transient
disturbances.

1.3

RESEARCH OBJECTIVES
In Chapter 2, a comprehensive literature review on FESS and shipboard MVDC is

discussed. The prevalent applications and features are described for power systems ranging from
medium to high power (kW to MW) where energy discharges within a short period are necessary.
The potential technological challenges and features of the widely used Low Voltage AC (LVAC)
distribution in ships migrating towards MVDC are discussed.
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In Chapter 3, a FESS model based on a permanent magnet synchronous machine
mathematical equation were derived using a Direct-Quadrature (D-Q) rotational reference frame
transformation. The FESS problem formulation and control strategy is explained in order to
develop a better understanding of the system performance.
In Chapter 4, the proposed shipboard FESS and MVDC systems were implemented and
demonstrated in the MATLAB Simscape package.

In the FESS system, a mechanical

discharge/charge mechanism is implemented in the design.

In addition, a shipboard MVDC

system is simulated, and a variety of DC bus fault dynamics were studied through different case
scenarios. The intent of this chapter is to provide a clearer understanding of potential issues that
may impact the design of future system protection and fault mitigation strategies.
In Chapter 5, a novel communication-based fault detection and isolation system controller
that improves upon a directional ac overcurrent relay protection system is proposed offering
additional protection discrimination between faults and Pulsed-Power Load (PPL) in MVDC
systems. The controller is designed to segregate between system dynamic short-circuit fault and
bus current disturbances due to a PPL.
In Chapter 6, the main conclusions of the dissertation are drawn, and future work and
research directions are discussed.
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CHAPTER 2
A CRITICAL REVIEW OF SHIPBOARD POWER SYSETEMS

2.1

INTRODUCTION
This chapter presents a critical review of key emerging technologies and technical barriers

in the next generation of shipboard power systems. Firstly, a leading energy storage technology
most viable for shipboard power systems operating with highly dynamic pulsed-power loads, the
FESS, is discussed. In conjunction with this, the evolutionary trends of traditional low voltage AC
shipboard power system architectures to medium voltage and DC networks are also examined. An
important technological barrier of protecting the power system from faults and transients
considering these new developments is assessed.

These topics are interrelated and are of

fundamental importance in achieving more resilient and flexible shipboard power system
performance in future warfighters.

2.2

AN OVERVIEW OF SHIPBOARD POWER TOPOLOGIES
Unlike traditional terrestrial-based utility grids, shipboard power system is isolated and

distributed over a short distance with fewer power generation resources. In this section, the most
common shipboard power system architectures are reviewed.

These architectures can be

categorized into three groups: radial, ring or zonal distribution systems.
2.2.1 Radial Distribution System
In this distribution system, electrical power is radially distributed from a single connection
node. In almost every electrical distribution architecture, there is always some portion that exhibits
radial distribution. For instance, on the DDG 51 class ships, the radial distribution point starts at
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either a switchboard, or a load center. This way, the closer the central access point, shorter cables
are needed to feed larger loads [7]. Figure 1 below, displays a Cruise ship radial distribution
system. These type of distribution systems are simplest from a protection system coordination
point of view. As it can be seen below, the fault current can only have one direction and one
source, unlike a ring or a zonal bus system.
In [8], Weibull probability density function is applied to a radial “utility grid” distribution
system to analyze system transformers failure rate. The expected cost of interruptions of these
failure rates were then computed using survey data obtained from four diverse consumers. Based
on the interruption cost and the energy not served rate of the transformers, the authors suggested a
schedule maintenance and replacement timetable for these transformers to boost the reliability of
the radial distribution system.

Figure 1: Radial Distribution System
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2.2.2 Ring Bus Distribution System
The aim of this distribution technique is to form a solo main power bus loop as shown in
Figure 2. This implies that a load can receive power from multiple generators using different
paths, thereby improving the redundancy and reliability of the system. This technique is used on
the DDG 51 class ships and the cruise liners. In these types of distribution systems, the fault
protection coordination is complex because a fault can be fed from multiple sources and from two
directions.

Figure 2: Ring and Zonal Distribution System

2.2.3 Zonal Distribution System
This system consists of having two parallel load buses running longitudinally along the
port and starboard side of the ship with one above the water line and the other below it. The
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advantage of this configuration is that it can be configured as a radial or ring configuration.
However, to maintain survivability using zonal distribution system, a redundant alternate power
source path is required. In [9], to reduce the AC-DC zonal distribution power loss as shown in
Figure 3, the switch between the common bus and the power supply is removed and three switches
were placed between the converters of each zone. According to the authors, the probability of
power loss in one zone is decreased by a factor of 1/3 rd. This technique can also be seen as a
hybrid technique. The removal of the switch between Power Supply PS1 and PS2 lead to a closed
loop which is a ring configuration.

Figure 3: Zonal Distribution System

Consequently, any transients on any of the distribution system models can impact the entire
system. Furthermore, critical loads such as close-in weapon systems, medical and dental operation
rooms, fire control, radar systems, boilers, cooling pumps and feed pumps, and computers are of
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grand importance for ship survival during battle. Any voltage interruption or transient due to a
pulsed load or fault during operation can hinder ship operation. However, because the system has
deeper redundancy, it exhibits even more complexity in the protection design compared to the
radial and ring bus topologies.

2.3

ENERGY STORAGE FOR SHIPBOARD POWER SYSTEMS
Pulsed-Power Technology (PPT) is prevalent in many industries and used in a variety of

applications. In the medical field, PPT is extensively used in power supplies for linear accelerators
and X-ray diagnostic machine sets requiring high energy discharge of electromagnetic radiation.
An interesting application of the use of pulsed-power is in the food industry, which uses PPT to
generate pulsed electric fields for neutralizing microorganisms, bacteria, and pathogens in liquid
foods. Material sciences have also made important uses of PPT for high precision ablation of thinfilm manufacturing. In the maritime domain, PPT is becoming an important issue in shipboard
power systems for supplying high-powered radar systems, directed-energy weapons technologies
and electromagnetic aircraft launching systems. This has precipitated research on many fronts to
improve upon conventional shipboard power system designs for increased resiliency in next
generation warfighters with PPTs operating in harsh combat conditions. The most important
aspect of integrating PPTs into a shipboard power system is managing the large delivery of energy
in a very short time. Therefore, high ramp-rate energy storage is necessary to meet future PPT
requirements which cannot be met by slow responding conventional generator sets.
2.3.1 Battery Energy Storage System (BESS)
Batteries are generally differentiated by their electrolyte and electrode characteristics.
These characteristics enable batteries to have high energy density, affordable design cost, high
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pollution rate, short life, and low efficiency when compared to other ESD. BESS consists of 1) a
battery that converts electrical energy into chemical energy, 2) a power electronic that converts
between AC to DC for charging and discharging energy, and 3) a control system for battery
management. In [10], a battery-inductor pulsed power system was proposed to provide energy to
a “conceptual 2-MJ muzzle energy Electro-Magnetic Launch System (EMALS).”
In [11], a BESS is proposed to reinforce wind plant system reliability and efficiency by
providing voltage and frequency support. During wind plant operation, voltage and frequency
may deviate due to wind intermittency. Integrating BESS in the smart power grid allows a fast
response to the deviation by having the BESS output power to operate in a manner similar to that
of a droop control. For utility application, battery capacities in the single-digit megawatt-hour
range have been recently commissioned in some countries such as Australia. These are not quite
in the range of PPT duty cycles but are still required to compensate power fluctuations in the same
time scale. The difference between this application and PPTs is that the latter application is likely
to completely discharge the ESD upon use, which is not ideal for batteries. While large-scale
batteries have progressed from lead-acid to lithium-based chemistry, there is a risk of thermal
runaway issues and excessive life-cycle loss if applied to highly demanding PPT profiles.
Therefore, this technology is not yet mature enough for shipboard military applications.
2.3.2 Super-Capacitor Energy Storage (SCES)
Originally known as a condenser because of their ability of storing high density energy, a
capacitor consists of two conductors separated with a non-conductive region or dielectric.
Capacitances in the super or ultra-capacitor range vary from about 10 F to 3400 F. These ESDs
may have different series-parallel arrangements when matching requirements for the high current/
high voltage ratings of the system.
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Compared to the BESS, capacitors have a long cycle life, long energy storage time, fast
recharge-discharge cycles, less maintenance, but low energy density. In [12], a 35kJ/s 25kV
capacitor charger was designed based on a 3-phase resonant inverter, and an air-insulated
transformer. Based on the experiment results, the authors, claimed that the use of an air-insulated
transformer on the proposed technique has improved the stability and maintenance of the capacitor
charger. Furthermore, they claimed that the proposed technique has a simple structure, low cost,
and ease to control. For naval applications, however, the technology is deemed not technologically
ready because of material reliability issues.
2.3.3 Superconducting Magnetic Energy Storage (SMES)
Unlike capacitors, which have an upper limit on voltage due to dielectric breakdown
limiting their storage capacity, inductors are mainly limited by magnetic saturation in the steel
core. This can result in at least 15,000 times greater energy storage density than is achievable in
capacitor technology. A coil wound in air with no magnetic steel theoretically has no saturation
limit. The higher the coil current, the more energy that can be stored in the field. In a conventional
inductor or reactor, the coil current and Joule I2R heating impose a thermal limit. However, if the
resistance could be eliminated using superconductors (Figure 4), SMES can achieve very high
levels of energy storage [13].

SMES has reached the prototype stage in terrestrial utility

applications. However, the extra engineering to achieve super-cooling below the critical
temperature imposes high cost and reliability issues for it to be suitable in shipboard applications.
Nonetheless, the navy is still pursuing research along these lines in the hopes of maturing the
technology for improved resilience for PPT applications.
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Figure 4: Superconductivity Characteristic in an Inductor

2.3.4 Flywheels Energy Storage System (FESS)
Flywheels were initially used to smooth out rotor speed fluctuations and to supply
mechanical energy. Later, it was discovered that coupling the flywheel with a power electronic
converter and an electrical machine can lead to a fast energy storage source [14], [15]. FESS
generally consists of a rotating flywheel mass that stores kinetic energy spinning up to tens of
thousands of rpms. The assembly is mounted on magnetic bearings to reduce friction loss in
maintaining the flywheel in standby charged state. A power electronic converter is used to charge
the flywheel by motoring it to high speeds and then later extract the kinetic energy by changing
into regenerative braking mode as shown in Figure 5. FESS has been used to provide voltage and
frequency support, power leveling and smooth AC power transmission [16]. During operation,
energy is stored in the flywheel whenever the power supply exceeds power demand, and energy is
supplied from the flywheel when the demand exceeds the supply to compensate for the difference.
Flywheels have been used for low-speed applications where the stored energy is required over a
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longer period such as an Un-interruptible Power Supply (UPS), as well as for high-speed
application where high density of energy is required over a short time. Flywheels have the unique
advantage of having virtually no environmental effect. The consensus in the naval community is
that FESS is the most matured technology in terms of reliability and simplicity to be a candidate
for supporting PPTs such as high-powered radar or directed energy weapons.

Figure 5: An Example of a Shipboard Flywheel Energy Storage System

To maximize ship survivability during combat, the US Navy is looking into effective ways
to mitigate voltage sags [17]. One way is to compensate for voltage sags by using Energy Storage
Systems (ESS).
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2.4

FLYWHEEL ENERGY STORAGE SYSTEM
The concept of the Flywheel Energy Storage System (also known as “FESS”) can be traced

back several hundred years. As an example, the potter’s wheel that uses stored mechanical energy
to aid in the shaping of earthenware as described in [18]. However, the word “flywheel” was
introduced at the beginning of industrial revolution. During that time, the iron-based flywheel
design replaced the wood-based flywheel. Soon enough, flywheel utilization expanded to other
applications such as steam engines, trains, and energy accumulators in factories [19]. Years later,
there became a growing interest with the possibility of being able to increase the amount of kinetic
energy that the FESS could store rather than its speed. This possibility would attract the attention
of many researchers.
During the 1960’s, it was discovered that when power electronics are coupled to an
electrical machine and a flywheel, a new technique of energy storage can be obtained [20], [21].
This is achieved by using the power electronics to control the frequency [22] and amplitude of the
voltage. The emergence of composite materials [23], [24] and magnetic bearings technologies
[25], [26] during the same era have resulted in an increase of the density of energy that can be
stored [27].
2.4.1 Overview of Flywheel Energy Storage System Theory
A FESS stores energy based on a rotating mass principle. It is a mechanical energy storage
device, which imitates an electrical energy storage device. FESS stores energy in the flywheel in
the form of kinetic energy. During the charging (motoring) mode, input power or excess power is
supplied to the FESS. The excess power is the difference between the generated and demanded
power from either a grid or another source of electrical energy. The charging mode is also
characterized by an increase in the speed of the flywheel, which will then saturate when the

15

maximum speed is reached. On the other hand, the discharging (generating) mode of the FESS
will be a deceleration in the speed of the flywheel. The discharging mode is generally triggered
when the demand power exceeds the generated power [20], [21].
2.4.2 Elements of a Flywheel Energy Storage System
A FESS consists of a rotor, motor/generator (MG), rotor bearings, power electronics,
controllers and a housing as shown in Figure 6. These components constituents are vital for
effective extraction and releasing of the stored kinetic energy. A brief description of each
subsystem component is given below.

DC-Link
DC
AC

Motor/Generator

Housing
Flywheel

Bearings

Figure 6: Flywheel Energy Storage System Assembly
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2.4.2.1 FESS Rotor
The kinetic energy stored in a flywheel depends on the shape and material of the rotor. The
rotor consists of a hub, the motor rotor, and the rim. The mass of the rotor is concentrated on the
rim and represents the energy storage element [28]. The amount of stored kinetic energy is linearly
proportional to the rotor moment of inertia and its angular speed as shown in Equation (1) [29],

𝐸=

1
𝐽𝜔 ,
2

(1.1)

where E is the stored kinetic energy, J is the moment of inertia and ω is the angular speed. The
useful stored energy which is the energy obtained between the minimum and maximum
rotational speed is given by Equation (2),

𝐸=

1
𝐽(𝜔
2

− 𝜔

) =

1
𝐽𝜔
2

1−

𝜔
𝜔

,

(1.2)

The moment of inertia of the rotor depends on the geometry and mass of the flywheel as shown in
Equation (3),

𝐽 = 𝑚𝑟 ,

(1.3)

where m is the mass of the rotor and r is the outer radius.
Taking into consideration the tensile (σ) of the material used in the design of the flywheel, as
shown in Equation (4), the stored energy can be rewritten as in Equation (5):
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𝜎 = 𝜌𝑟 𝜔 ,

(1.4)

1 𝜎
𝑚 ,
2 𝜌

(1.5)

𝐸=

where ρ is the material density.
From Equation (5), an increase in the σ and a decrease in the ρ increase the amount of
energy that the flywheel can store. In [30], it is stated that composite material with a high

ratio

can significantly increase the speed of the flywheel. As a result, the capacity of energy stored
within the system will increase. In [31], an assessment was conducted on the maximum specific
energy (energy per mass unit) between metals and composite materials used in the flywheel design
based on Equation (5). The specific strength of both metals and composite materials were analyzed
first. Based on material properties, metal materials such as Carbon Steel, Aluminum Alloy,
Titanium Alloy and Maraging Steel were found to have specific energies of 12, 46, 63 and 66
Wh/kg respectively. Composite materials such as unidirectional Glass, Kevlar and Graphite
reinforced plastics were found to have specific energies of 180, 230, and 240 Wh/kg respectively.
Thus, composite based flywheels have 4 to 5 times higher specific energy than metal-based
flywheels. In [32], an exhaustive study was performed on the specific energy and energy density
(energy per volume unit) of a flywheel as shown in Equation (6) and Equation (7),

𝐸
𝜎
=𝑘
𝑚
𝜌

𝐽
,
𝑘𝑔

(1.6)

𝐸
= 𝑘𝜎
𝑉

𝐽
𝑚

(1.7)

,
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where k is the flywheel shape factor and a measurement of the flywheel material utilization as
shown in Figure 7.

Composites

Thin Rim K = 0.5

Metals

Thick rim K = 0.305

Solid disk k = 0.606
`

Laval disk K =1

Figure 7: Different Types of Flywheel Cross Sections

From Equation (1), energy stored in a flywheel can be increased by choosing a mass with
a larger moment of inertia which was discussed above through the tensile and density ratio. The
stored energy can also be improved by increasing the angular speed. The literature has presented
two basic schemes of FESS operation based off the angular speed range application. For lowspeed applications generally with a speed range of 10,000 rpm or less, metallic materials are used
in the rotor design as discussed above [33]. These rotors are then supported by classical or in some
cases magnetic bearings [25], [26]. Their low speed is the result of the material and type of bearing
used in their design. Low speed flywheels are seen in applications where stored energy needs to
be discharged over a long period of time for components such as un-interruptible power supplies
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[33], [34]. On the other hand, high speed flywheel rotors with speeds that range from 10,000 RPM
up to 100,000 RPM are made of composite material as exemplified above. The rotors are then
supported with either magnetic or superconducting bearings which makes the whole assembly
compact [35]. High speed flywheels are seen in applications that require energy to be discharged
over a short period of time [34], [36].
Comparing the losses in the rated power, it was stated in [35] that between 0.5% to 1% of
rated power is lost with low-speed flywheels. On the other hand, only 0.1% of the rated power
can be lost with high-speed flywheels. In [36], [37], it is stated that high speed flywheels cost
more than low speed and require more maintenance.
2.4.2.2 FESS Motor-Generator (MG)
As stated earlier, a machine is coupled to a flywheel to allow energy to be stored in the
form of kinetic energy. Furthermore, when energy is being stored in the flywheel, the system
behaves as a motor, and when energy is being extracted, the system behaves as a generator.
According to the literature, different machines can be used in FESS design.
Permanent Magnet Synchronous Machines (PMSM) are known for their high energy
density because of their sturdy rotor design and low rotor flux losses. As a result of these qualities,
their efficiency is very high [25], [31], [38], [39]. PMSMs are mostly used in high-speed
applications [38]. The main draw backs with the PMSMs are their high cost and idle losses due to
the stator eddy current [39], [40].
In [41], a novel flywheel array energy storage system with Series Connection PMSMs is
proposed to enhance the stored energy capacity. Traditionally, to boost the voltage capacity, FESS
units are connected in parallel. In this novel technique, according to the authors, both the power
level as well as the voltage ratings could be increased to accommodate variable systems.
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Induction Machines (IM) are seen in high power applications such as wind turbines because
of their higher torque and ruggedness. To enable power smoothing in wind turbine generation,
IMs are being widely used in wind turbine applications [40]. The drawbacks with the IMs are
higher maintenance requirements, complex control, and speed limitations [35]. Doubly Fed
Induction Machines (DFIM) have emerged in the literature as a solution to the later machine
control complexity and higher power conversion rating [35], [42].
2.4.2.3 FESS Power Electronic Converters
For FESS applications, two converters are generally used. A grid side converter (rectifier)
is attached between the grid and the DC-link followed by the machine side converter (inverter).
The converters play a vital role in the operation of the FESS. They are used for converting AC to
DC and DC to AC voltage. Furthermore, they are used to rectify and maintain both the DC-link
and AC voltage. This topology of the converters is called a Back-to-Back converter. Back-toBack converters are the most used technique in FESS applications [31], [38], [42].
In [43], a flywheel fast charging energy storage system was proposed using an enhanced
Artificial Immune System (AIS) to support a transportation electrification grid. The designed
energy storage system aimed to avoid grid overload, handle peak power demand, and reduce
system charging cost.

During the process, a computational AIS is applied to the system

Proportional Integral Derivative (PID) controller output error signal to tune and minimize its
driving dynamic gains. The effectiveness of the proposed algorithm when compared to the
traditional technique yield an improved performance handle grid dynamic transient.
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2.5

SHIPBOARD MVDC POWER SYSTEM
MVDC power systems are being heavily considered by the U.S. Navy for the next

generation of ships for many reasons. A generic MVDC power system that displays a zonal
distribution system is shown below in Figure 8. The system is comprised of four power generation
sources: two Main Turbine Generators (MTGs) and two auxiliary turbine generators (ATGs).
These turbine generators serve as the four main power conversion units that convert the generated
AC current to DC which feed into the main DC bus. DC to AC power electronics is also used to
supply two propulsion loads and four zonal loads. Additionally, a DC-to-DC conversion unit is
used to feed a pulsed load such as a radar system or solid-state laser armaments. The system is
also equipped with DC switches and breakers to facilitate fault isolation. It is worth mentioning
that these MVDC systems are yet to be built, thus there are no MVDC electric ships.
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Figure 8: Shipboard MVDC Power System

2.5.1

Potential Benefits of Shipboard MVDC Systems
MVDC shipboard power distribution systems have amassed wide interest in the research

community for realizing the next generation of “all-electric” naval vessels [44]. Some of the
advantages of a DC micro-grid over an AC micro-grid are:


Power systems are free of bulky high voltage transformers



They require less stages of power conversion for loads connected to the DC bus [45],

particularly, motor drive loads for propulsion, HVAC equipment, deck machinery, etc.
[46], [47]
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They decouple the bond between the prime mover speed and the distribution bus
frequency. Thus, the generator performance can be optimized for various types of
prime movers without reduction or speed increasing gears. The restriction of the
generator to a given number of poles is not of concern [48].



DC current flows through the entire cable rather than the outer surface of the cable
(skin effect) [49], which also results in cabling weight reduction.



Electromagnetic Interference (EMI) and Electromagnetic Compatibility (EMC)
requirements are reduced due to the absence of ac frequency components [48].



Synchronization of generator sets is simplified [50] by not having to match their
frequencies, phase rotation and AC phase angles. When paralleling generators with
MVDC, only matching the voltage is required [48].



Some studies show moderate fuel savings can be achieved when converting to DC
distribution systems [50], [51]. Moreover, DC micro-grids are deemed to have higher
energy density [52] and can deliver more power with lower losses than their AC
counterparts [53].

On the other hand, when compared to an AC micro-grid, DC-grids are far away from
technical readiness and maturity, particularly in the fault protection system aspects [54]. Overall,
there are very few DC systems in use in terrestrial and marine applications to draw experience
such as the underground railway traction systems and diesel-electric submarines. These are mostly
in the low voltage range (less than 1000 volts) and do not carry the same complexity as the medium
voltage situation.
2.5.2 MVDC Fault Protection
Even though DC distribution systems offer much better opportunities when compared to
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the counterpart AC systems, providing fault protection continues to be a great challenge [54]. In
[55], for AC micro grids there is a standard Institute of Electrical and Electronic Engineers (IEEE)
and International Electrotechnical Commission (IEC) fault protection system that can easily be
used. However, current standards of protection on MVDC grids do not exist. The system lacks a
standard of protection against ground faults, short-circuit faults and open-circuit faults for
multisource and multi-terminal DC lines distribution systems.
For enhanced system protection and fault identification, it is important to review the fault
current transient behavioral differences between AC and DC systems.

In traditional AC

distribution systems, the alternating current has a natural crossing transition through zero at every
half cycle as shown in Figure 9. Fault extinction occurs when current transitions at that point
during the opening of the circuit.

I (a)

time

Zero crossing
point

Figure 9: AC Sine Wave Showing the Zero-Crossing Point
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In direct current distribution systems, zero crossing transition does not exist as shown in
Figure 10. The main option is to force or decrease the current down to zero to secure a fault. This
can be achieved using fault current limiter technology or oversized switchgear to break the arc.

I (a)

Constant DC
current

time

Figure 10: Constant DC Current

Reference [56] establishes the standard to understand the above concept. A simplified
representation of an equivalent DC line circuit can be seen in Figure 11, which estimates an arc
fault extinction.
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Figure 11: Equivalent DC Circuit

𝑉

is the DC source voltage, L and R are the inductance and resistance, 𝑉

is the arc voltage.

KVL of Figure 11 yield the following:

𝑉

Solving for

𝑑𝑖
+ 𝑅𝑖 + 𝑉
𝑑𝑡

,

(2.1)

𝑑𝑖
= 𝑉 − 𝑅𝑖 − 𝑉
𝑑𝑡

,

(2.2)

=𝐿

yield

𝐿

To guarantee arc extension according to [56], the following relationship should hold

𝑑𝑖
< 0,
𝑑𝑡

(2.3)
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This relation should be checked when 𝑉

is high, because at this point, the inductance in

Equation (2.2) will become negative. Taking the derivative of Equation (2.2) with respect to i and
t, one can conclude that the arc extinction time of an MVDC system fault is proportional to the
time constant of the circuit 𝑇 =

and to the difference between the circuit supply voltage and the

arc voltage. Figure 12 below, displays an oscillogram relative to a short circuit test carried out by
the ABB power testing lab

Figure 12: Short Circuit Oscillogram

where 𝐼 is the short-circuit making current, 𝐼

is the prospective short-circuit current, 𝑉

the

maximum arc voltage, 𝑉 is the network voltage, T is the time constant, 𝑡 short circuit starting
time, 𝑡 is the instant that separation begins of the circuit breaker contact, and t a is the instant of
quenching the fault current.
Upon occurrence of a short circuit at 𝑡 as shown in Figure 12 the current starts increasing
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according to the circuit time constant. To nullify the fault current, the circuit breaker contacts start
separating from their contact point. This initiates an arc at 𝑡 as shown in the Figure 12. It is worth
mentioning that even though the circuit breaker contacts start opening, the current keeps increasing
for a short period and then decreases. The decrease of the current is proportional to the amount of
arc resistance introduced into the circuit from the opening of the contacts. To obtain a gradual
extinction of the fault current, it is vital to cool and extend the arc, so that a gradual arc resistance
is introduced in the circuit. The figure also highlights an important factor during the interruption,
where the arc voltage remains higher than the supply voltage of the circuit. As shown in the same
Figure 12, at ta, the fault current is completely quenched. Furthermore, the fault current is
extinguished without abrupt interruptions which is a result of an abrupt voltage peak. The lesson
learned from Figure 12, is that in order to design a reliable fault protection system for a DC system,
it is vital that the design meets the following conditions: 1) fast tripping response with adequate
breaking capacity, 2) high fault current limiting capacity, 3) overvoltage reduction effect.
To further study grid DC fault signatures with a reliable protection system, in [57], an
MVDC system with two 5 Megavolt Ampere (MVA), 60 Hz, 4160 V AC generators was designed
to investigate the various fault dynamics. The study simulated the effects of line to ground, line
to line and rectifier internal faults after steady state. It was discovered that the generator subtransient and transient fault current are much different with the MVDC system when compared to
the AC micro-grid. The paper suggested that when designing a reliable shipboard MVDC
protection system, there are two important factors that should be considered: 1) a careful and
precise consideration on DC bus faults and 2) always account for converter failures. Reference
[58] conducted a DC arc flash risk assessment. The assessment was based on two techniques: 1)
the maximum power method for computing the Incident Energy (IE) of an arc and 2) the arc
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resistance method. Both techniques aimed in computing the incident energy caused by the arc
flash.
The Maximum Power Method (MPM) can be solved using the National Fire Protection
Association 70E technique (NFPA 70E), which is a technique that uses a linear DC source as a
voltage behind an impedance as shown in Figure 13. This technique stems from the application
of maximum power transfer theorem in DC circuits. According to the theorem, the maximum
power transfer occurs when the resistance of the system equals the resistance of the load. This
technique considers the arc as a load that is applied to the DC power source and the system
resistance as a combination of the internal resistance of the DC power source and the conductor
resistance connecting to the load.

Iarc
Rbf

Varc

+
Vdc

Figure 13: NFPA 70E Maximum Power Method DC Fault Circuit

In the circuit of Figure 13,
Vdc = the open circuit voltage source
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𝑅

= the bolted fault resistance

𝐼

= the fault current through the arc fault contact points

𝑉

= the voltage across the arc-fault contacts points

For [58] and [59], due to the non-linearity of the arc resistance, the adoption of 50% of the
standard bolted current fault is a convenient approach rather than calculating the actual arc
resistance. As a result, both papers concluded that 50% of the bolted current should reflect the
maximum power transfer to the arc, thus:

where 𝑉

𝑉

= 0.5𝑉 ,

(2.4)

𝐼

= 0.5𝐼 ,

(2.5)

is the system voltage or open circuit voltage and 𝐼

is the bolted faulted current. Note

that the bolted fault current is different from the short-circuit current. It is given by the maximum
prospective short-circuit current in the faulted circuit and has zero impedance.
The incident energy within an enclosure using the MPM is given as follows:

𝐼𝐸 = 3 ∗ 0.02 ∗ 𝑉

∗𝐼

∗

𝑇
,
𝐷

(2.6)

For open space the 3 is omitted.
𝑇

is the time before the fault is cleared with an overcurrent protection system or a
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standard time of two seconds can be used instead, if no overcurrent is included in the design. D is
the working distance or can be represented by the constant 18 inches.
The Arc Resistance Method (ARM), as stated in [60], is the most accurate and potentially
less conservative technique for calculating arc flash incident energy. It is based on equations by
A.D. Stokes and W.T. Oppenlander [61]. The equations were derived from an empirical study of
free-burning horizontal and vertical arcs between series anodes and cathodes in open air. The
equations are summarized as follow:

(2.7)

𝐼 = 10 + 0.2 ∗ 𝑍 ,

𝑉

= 20 + 0.5348 ∗ 𝑍

𝑅

=

∗𝐼

20 + 0.5348 ∗ 𝑍
𝐼

.

.

,

,

(2.8)

(2.9)

where: 𝐼 is the transition current and 𝑍 is the gap between the conductors.
Figures 14 and 15 show that as the arc voltage 𝑉

decreases, the arc current 𝐼

both the horizontal and vertical Open Air DC arc voltage.

increases for
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Figure 14: Horizontal Open-Air DC Arc Voltage V-I Curve [61]

Figure 15: Vertical Open-Air DC Arc Voltage V-I Curve [61]
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These two figures highlight another important issue regarding the use of DC breakers for fault
isolation. For DC breakers to open, the nominal voltage of the system must be lower than the arc
voltage between the breaker terminals.
Some other protection systems proposed installing a protection system on the AC side of
the grid instead of the DC bus. The reason behind that, is that a fault on the DC bus is reflected
on the AC sides, which has a well-established protection technique to clear the fault. However,
this is not applicable for larger DC networks [62]. Furthermore, most digital AC protection relays
will not accurately process the distorted waveform as they use only the filtered 60 Hz fundamental
component. Some other published work proposed the introduction of an artificial zero crossing to
force the fault current to zero and others proposed to induce an oscillating current to lead the
current to zero [63], [64]. Reference [65] displays Table 1, which summarizes the current trend
types of fault protection techniques.
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Current
Differential

Directional

Impedance

Overcurrent
derivative

protection

protection

protection

protection
protection

Procedure

KCL (Current
summation
equal to 0)

Current
reverses
direction
during fault

Apparent
impedance
drops into
the tripping
interval
during fault

Networking

Dependent

Dependent

Independent

Independent

Independent

Signal Control
Area

Global

Global

Local

Local

Local

Transient
Sensitivity

Sensitive to
dynamic
Sensitive to
communication interactions at
fault
dependent
transients;
impedance
communication
dependent

Sensitive to
distorted
fault current
waveforms

Sensitive to
system noise

Current goes
over
threshold
during fault

I derivative
goes over
threshold
during fault

Table 1: Different Fault Localization Techniques

From Table 1, the MVDC fault protection techniques can be classified into two groups:
communication-dependent and communication-independent protection system.
Communication-dependent protection techniques depend on an exchange of information at
different zones of the system via wide area communication. In the literature, two methods of this
technique have been proposed, which are differential based protection and directional protection.
The first technique, a differential based protection system, uses Kirchoff’s Current Law (or KCL),
which considers that the summation of the current entering and leaving a node to be equal to zero.
Once the error is compared to zero, if it is too high, a fault flag is raised to initiate the protection
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algorithm. The second technique, a directional protection system, states that upon occurrence of
a fault the direction of the current entering a relay should reverse. The differential and the
directional based protection systems are supplemented with an overcurrent protection system to
provide a robust protection to the system.
Communication-independent techniques rely on the local information to protect the DC
system against fault currents. Three types of communication-independent techniques are proposed
in the literature as shown in Table 1. First, there is impedance protection, which protects the
system from local switch voltage and current readings. The apparent resistance is computed based
on the switch readings and then compared to a tripping threshold to determine the presence of a
fault within the area. Secondly, there is overcurrent protection, which measures the current going
through a switch and then compares it to a tripping threshold to define the existence of an
overcurrent. Third, there is a current derivative protection, which compares the current derivative
to a tripping threshold and sets a tripping flag if a fault is detected
Current trends on DC fault protection system also presented two tools used in the design
of DC grid protection. Some of the proposed techniques make use of Voltage Source Converters
(VSC) as a crowbar along with disconnect switches. During operation, once a fault is detected,
the built-in current limitation device inside the VSC shorts out the VSC input to protect it and the
source side of the grid is isolated from the fault by an AC circuit breaker or switch. Other
techniques are taking advantage of the advancements in power electronics by using state of the art
Solid State Circuit Breakers (SSCB) instead of AC or DC circuit breaker. One of the advantages
that SSCBs offer, is that they have a faster fault interruption response. However, the SSCBs are
more expensive. In the design, the SSCBs are generally placed at the DC terminal of the VSCs or
downstream of the DC-DC converter [55], [63].
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2.5.3 MVDC Fault Detection and Isolation Techniques
The notion of fault protection encompasses two parts. The first part is to detect in a timely
manner that a fault exists within the system. The second part is to localize and isolate the fault to
protect the overall grid stability. Various kinds of classical fault location techniques for AC
distribution systems have been presented in the literature. For instance, some techniques are based
on monitoring system reactance from one terminal of a line [64], [66], while other proposed
solutions use fault traveling waves as index for fault localization [67], [68]. Furthermore, some
proposed techniques use phasor measurement unit or phasor information [69], [70]. Even though
some of the classical techniques are applicable to DC grids, they were designed for longer AC
distribution systems, which means several miles of cables.
In [71], the Average-Value Modeling (AVM) technique is based on analytical time-domain
modeling. This technique was developed to assess shipboard MVDC power system dynamic
behaviors following bus disturbance. AVM is a technique used to reduce system numerical
analysis complexities, while at the same time, increasing the overall system efficiency. The
literature presents two types of AVM: analytical and parametric AVM modeling. The main idea
behind AVM is to set a frequency range of interest. System(s) or sub-system(s) whose frequencies
are within range are kept and the rest are neglected. Thus in [71], the prime mover and field exciter
control loops are neglected. The developed AVM model was then tested on a single and double
generator MVDC model. The system responses were then compared to a developed steady state
model. The AVM response was deemed to have a better system behavior analysis according to
the authors.
In [72], a centralized protection technique with two communication assisted fault detection
methods were developed. During grid operation, the proposed technique by means of a set of
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differential relays, monitors the MVDC system current flow through junction points between the
voltage source converter and the micro-grid. Each zonal differential relay will receive the DC
current readings of its corresponding line. A fault is detected and localized if the difference of the
measured current is not closed and greater to a set threshold to prevent maloperation of the relay.
If a fault is detected, a trip signal is issued to the corresponding DC breaker to isolate the fault.
The restoration of the network is followed by a self-healing technique to maintain overall system
stability. A backup protection system was also designed in case a communicated protection system
fails.
In [73], Tang and Ooi presented a Multi-Terminal DC power system (MTDC). The system
consists of DC circuit breakers and switches for fault isolation, power electronics for power
conversion and a hybrid power distribution system. The handshaking technique is used to define
a DC current fault. During the handshaking process, it is assumed that a fault in a line has already
been detected. The difference between the pre-fault line measurement and the post-fault line
measurement defines the existence of a DC fault current. The direction of the DC fault is
summarized as follows:


During line-to-line DC faults, the grid side is characterized by low voltages and the
presence of an overcurrent. The DC side is defined by a low DC voltage and a high DC
current.



During a line-to-ground DC fault, the grid side is also defined by a low voltage and a
presence of an overcurrent, and the DC side is defined by an unbalanced DC voltage.

In either case, the direction of the fault is well defined and the terminal switches corresponding to
the concerned VSCs are opened.
In [62], a communication based differential protection scheme with DC breakers has been
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proposed for a remote mine site based on a high-resistance fault in the MVDC system. Three
protection systems were designed to maintain the reliability and security of the overall grid. 1)
Based on the understanding of KCL, the synchronous current measurement technique was used to
measure the current entering and leaving the line nodes. A fault is declared in the transmission
line when the summation of the measured current is different than zero. A trip signal follows
instantaneously to isolate the fault. A backup transmission line protection system (overcurrent)
was also added to boost the robustness of the system. The backup overcurrent protection is trigged
0.5 s after if the primary protection system fails to respond to the fault. 2) A DC directional
overcurrent protection system was used to provide protection to the voltage sources. This
protection monitors the system for sag. Upon the detection of sag due to a fault, the protection
system sends a trip signal to the breaker and notifies the source to stop feeding the fault. 3) The
same DC directional protection system described in 2) was also used to provide protection to the
loads. The only difference between the two protection systems is, in the case of a high-impedance
fault, the fault is fed for a short period instead of tripping the breaker right away. If the system is
designed to instantly trip the breaker, then an extra protection should be designed to protect the
load according to the authors. In [49], a Local Information-based Fault Protection (LIFP)
technique was proposed to detect, isolate, and then reconfigure a fault in an MVDC system. This
technique is based on the apparent resistance technique which falls in the communicationindependent group.

2.6

CONCLUSION
In this chapter, a comprehensive literature review on FESS and shipboard MVDC was

presented. The review covers important aspects of future shipboard power systems including
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energy storage requirements, transitions from LVAC to MVDC distribution, system fault detection
and fault protection.
FESS is the leading technology suitable for shipboard distribution systems to rapidly
discharge energy as desired when ordinary generators cannot respond to fast dynamic loads. Their
application extends to distribution systems where medium to high power (kW to MW) discharges
within a short period are necessary. Well-designed FESS will not only guarantee shipboard power
stability but will also ensure that the overall system is more reliable. The literature has presented
tremendously well-designed systems techniques. However, their dependency on the smart grid
automation makes them vulnerable to any unforeseen network or control system error or failure.
On the other hand, medium voltage DC systems are the new emerging distribution systems being
considered by many industries, especially the U.S. Navy. Literature has presented numerous
advantages for implementing MVDC over AC grids, however, many challenges remain to be
addressed. Despite the vast amount of published information, it is obvious that there is a significant
knowledge gap in designing shipboard MVDC systems with effective fault protection, especially
considering entanglements with system dynamics from pulsed power activity that may obscure the
detection of genuine faults or cause maloperation of protective devices. Chapter 3, Section 1 will
highlight the literature push of the proposed model and discuss its mathematical formulation.
Section 2 will demonstrate arc fault detection techniques that are suitable for the shipboard MVDC
systems as well as propose a short new circuit technique to the system.
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CHAPTER 3
SHIPBOARD FLYWHEEL ENERGY STORAGE SYSTEM FORMULATION

3.1

FLYWHEEL ENERGY STORAGE FOR PULSED-POWER APPLICATIONS
FESS plays a key role in maintaining shipboard power system stability and reliability

which result in a higher overall system efficiency. For conventional applications, power system
stability is maintained through system voltage, frequency, and generator angle control. For
MVDC, since the AC power distribution frequency is decoupled from the prime movers
(generators) angles, therefore maintaining generators angle stability is not of concern. The
integration of FESS into a power grid will prevent oversizing generators to serve momentary
pulsed power loads.
Pulsed-power technology consists of electrical hardware relying on the storing and
discharging of electrical energy in very short time periods (in the order of several minutes, seconds
or less). During the process, energy storage devices such as batteries, capacitors or flywheels are
charged over a long period and then rapidly discharged to supply an electrical system. PPT load
demands typically exceed the total available generation capacity of a system and require ESDs to
supplement their draw. The co-existence of PPTs and ESDs is a developing art form in modern
power system design, especially in shipboard applications. In this section, one promising form of
ESDs, the flywheel energy storage system (FESS), is studied and modeled for a shipboard power
system.

3.2

CHALLENGES IN REPORTED RESEARCH
After a thorough literature review presented in Chapter 2, it was discovered that this (FESS)

important energy storage system lacks an alternate or back up system. In a military application,
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FESS requires a backup mode of operation should the automatic control system fail. The challenge
regarding the FESS is to enable this system with a local or alternate charge and discharge
mechanism. Doing so will prevent shipboard power system disturbance from an automation
network glitch, freeze, error or even failure. Furthermore, the integration of the developed FESS
into the degraded shipboard power system caused by a pulsed power load should exhibit some
transient stability improvement on the following:


A very low stress or disturbance on the generator electrical and mechanical power because
of their natural response to loading increase. Generators tend to slow down so that enough
power can be generated to supply the over demand. Consequently, an improvement in the
system efficiency should be noted because of decrease in fuel consumption and emission.
For a larger grid, a reduction in unit commitment should also be noted.



On the distribution side, the developed FESS should exhibit a smooth short-term power
variation caused by the pulsed-power load.

3.2.1 FESS Problem Formulation
Consider the FESS shown in Figure 16
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Figure 16: Flywheel Energy Storage System.

The above figure is comprised of a flywheel, a PMSM as a motor generator, a three-phase
Pulsed Width Modulation (PWM) inverter/rectifier, a DC bus, and a load. To reduce the problem
control complexity, the D-Q rotational reference frame called Park transformation was used to
derive the system mathematical equations.
Consider a Permanent Magnet Synchronous Machine (PMSM) axes representation as
shown in Figure 17 below,
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Figure 17: PMSM D-Q Frame Representation

where 𝛳 is the rotor position which displays the angular speed 𝑤 direction; as, bs, and cs are the
stationary winding axis, and D-Q the Park transformation axis.
Let
𝑓

= 𝑃𝑓

(3.1)

,

where 𝑃 is the park transformation as shown in Equation (3.2)

2𝜋
⎡ cos(𝛳)
cos 𝛳 −
3
⎢
2𝜋
⎢
𝑃 = ⎢− sin(𝛳) − sin 𝛳 −
3
⎢
1
1
⎢
⎣ √2
√2

4𝜋
3
4𝜋
− sin 𝛳 −
3
1
cos 𝛳 −

√2

⎤
⎥
⎥
⎥,
⎥
⎥
⎦

(3.2)

where ϴ is the angle between the D axis and the 𝑎 for the stationary reference frame and 𝑎 for
the rotational reference frame.
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The PMSM can be defined as:

𝑉

where 𝑉

, 𝑅 ,𝑖

= 𝑅𝑖

+ 𝑝𝜆

(3.3)

,

, p, and 𝜆 are the voltage, stator resistance, current, number of poles, and the

flux linkages respectively.
Let the flux linkages be defined as follow:

= 𝐿 𝑖

𝜆

+ 𝛬

(3.4)

,

where

𝐿

⎡𝐿 + 𝐿
⎢
1
=⎢ − 𝐿
⎢ 2
⎢ 1
⎣ −2𝐿

1
− 𝐿
2
𝐿

+𝐿

1
− 𝐿
2

1
− 𝐿
2
1
− 𝐿
2
𝐿

𝐿 is the stator self-inductance matrix, 𝐿

+𝐿

⎤
⎥
⎥,
⎥
⎥
⎦

𝛬 =

sin(𝛳)
⎡
2𝜋
2
⎢sin 𝛳 −
𝜆 ⎢
3
3
2𝜋
⎢
⎣sin 𝛳 + 3

is the stator leakage inductance, 𝐿

⎤
⎥
⎥,
⎥
⎦

(3.5)

is the stator

magnetize inductance, 𝛬 the PM flux linkage, and 𝜆 the mutual flux.
By applying the Park transformation Equation (3.2) to the PM Equation (3.3) yield Equation
(3.6):

𝑉

where

= 𝑅𝑖

+ 𝑝𝜆

− [𝑝𝑃 ]𝑃

𝜆

,

(3.6)
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[𝑝𝑃 ]𝑃

0
= 𝑤𝑟
0

−𝑤𝑟
0
0

0
0
=
−
𝑤
𝑋,
𝑤𝑖𝑡ℎ
𝑋
=
0
−1
𝑟
0
0

1
0
0

0
0 ,
0

(3.7)

Applying Equation (3.6) to Equation (3.5) yield

𝑉

= 𝑅𝑖

+ 𝑝𝜆

+ 𝑤 𝑋𝜆

(3.8)

,

Applying Park transformation Equation (3.2) to Equation (3.4) yield in:

= 𝑃𝐿 𝑃 𝑖

𝜆

+ 𝑃𝛬 = 𝐿

𝑖

+ 𝛬

,

(3.9)

where

𝐿

⎡𝐿
⎢
=⎢
⎢
⎣

3
+ 𝐿
2
0

𝐿

0

0⎤
⎥
,𝛬
0⎥
⎥
𝐿 ⎦

0
3
+ 𝐿
2
0

=𝜆

− sin(𝛳)
cos(𝛳) ,
0

(3.10)

with the D-Q magnetizing inductance defined as

𝐿𝑚𝑑 = 𝐿𝑚𝑞 =

Such that 𝐿

= 𝐿

+ 𝐿

and 𝐿

= 𝐿

3
𝐿
2

+ 𝐿 .

mounted, the D-Q inductances will be equal to L, 𝐿

,

(3.11)

By assuming that the PM is surface
then become:
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𝐿

𝐿 0 0
= 0 𝐿 0 ,
0 0 𝐿

(3.12)

Substituting Equation (3.9) and Equation (3.10) into Equation (3.8) yield the following:

𝑉

= 𝑅𝑖

+𝐿

𝑝 𝑖

+ 𝑤 𝑋𝐿

𝑖

+ 𝑤 𝑋𝛬

,

(3.13)

since
𝑖 + 𝑖 + 𝑖 = 0 => 𝑖 = 𝑣 = 0 Thus

𝑣 = 𝑟 𝑖 + 𝐿𝑝𝑖 − 𝜔 𝐿𝑖
𝑣 = 𝑟 𝑖 + 𝐿𝑝𝑖 + 𝜔 𝐿𝑖
𝑣 =0

where 𝑒

= 𝜔 𝜆 𝑠𝑖𝑛 (𝛳) and 𝑒

+𝑒
+𝑒

,

(3.14)

= 𝜔 𝜆 𝑐𝑜𝑠 (𝛳) are the PM D-Q back EMF voltages.

Using Equation (3.14), and by applying the Gyrator model, the generating mode equivalent circuit
can be derived for the PMSM in the rotor reference as shown in Figure 18.
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Figure 18: PMSM Equivalent Circuit in the Rotor Reference Frame

By using the mechanical differential Equation (3.15) of a flywheel, an equivalent circuit can be
derived for the flywheel as shown below in Figure 19.

(3.15)

𝑇𝑒 = 𝐽𝑝𝜔 + 𝑓𝑚 𝜔 ,

wm

+

fm

Te

J

Figure 19: Flywheel Equivalent Circuit
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The integration of the flywheel and the PMSM yield Figure 20 as shown below.

wm

iqs
+
eqs

gqs

-

+
Tqs

-

Flywheel

fm

wm

ids
+
eds

-

gds

J

+
Tds

-

Figure 20: Flywheel Based on a PMSM

As stated earlier, during the charging mode the input power to the FESS comes from either
a grid or other power source. During this mode, the DC bus can be modeled as a DC power source
in parallel with a capacitor as shown in Figure 21 (a). Once the flywheel reached rated speed or
is charged, the required “housekeeping” power is very small to keep it rotating due to near
frictionless bearings. On the other hand, during the generating mode, the kinetic energy is
extracted and then feeds into the rectifier and then to the DC link. During this mode, the DC bus
is a combination of a load in parallel with a capacitor as shown in Figure 21 (b).
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Idc

Idc

+
VDC

Rl

-

a

Vdc

b

Figure 21: FESS DC Bus Model (a) Motoring Mode, (b) Generating Mode

In addition, whenever the DC bus is connected to the DC source this mode can also be
called the inverting or charging mode. In this mode, the DC bus voltage remains constant. In the
rectifying (generating) mode, the DC bus voltage can fluctuate, therefore it needs to be controlled.
As a result of that, the switching set of the controller is transformed from stationary reference
frame to D-Q synchronous reference frame Equation (3.16).

𝑉

= 𝑆𝑣

𝑉

= 𝑃𝑉

= 𝑃 𝑆𝑣

= 𝑚𝑣 [−𝑠𝑖𝑛 (𝛳) 𝑐𝑜𝑠 (𝛳) 0 ],

where 𝑆 is the switching function, and m the modulation index with,

(3.16)
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𝑆=

sin(𝛳)
⎡
2𝜋
2 ⎢sin 𝛳 −
𝑚
3
3 ⎢
2𝜋
⎢
⎣sin 𝛳 + 3

⎤
⎥
⎥,𝛳 = 𝛳 + 𝜑 ,
⎥
⎦

(3.17)

The PWM is used to control the power electronics as shown in Figure 22.

.
msin(θ):1
.
-

-

vqs +

- vds

.
.

+

mcos(θ):1

-

+

+

.
- vdc

+

Figure 22: D-Q Representation of the PWM

3.2.2 FESS Control Strategy
Vector control is one of the control techniques used in FESS. The aim is to control the
instantaneous grid’s active and reactive currents independently.

As discussed above, the

independent control is given through the D-Q transformation. During the charging and discharging
modes, the following control loops are carried out. An inner or faster stator current control loop,
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and a slower or outer control (speed and voltage) loops. These controls loops are displayed in
Figure 23.
DC Bus

-

Vdc

+

ids
ids*

Desir
e
Vdc*

+

Wr*

+

-

-

Wr

-

PI

dq

Discharging Mode

Vb*

PI

PI

Va*
PWM

Vdc

+
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d
q
abc
PMSG
Ɵr/wr

Flywheel

Figure 23: Overall FESS Control System

The inner control loop as shown in Figure 23, takes as input the error between the reference
current and the measured stator current. The error is then fed into a Proportional Integral (PI)
controller. The output signals from the PI controllers are compensated by a Feed-Forward Loop
(FFL) to achieve the desire converter D-Q output voltage. The feed-forward minimizes the
system’s slow dynamic response thus making the inner control loop the fastest control loop. Note
that the slow response is mainly caused by the PI controller. The PI controller must wait for a
signal error before a signal correction can be made. To override the PI controller’s slow response,

52

FFL is used. This FFL is achieved by setting the stator active current 𝑖

in Equation (3.14) to

zero. The structure of the feed-forward and the inner current loop are displayed in Figure 24.
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+

+

PI
-

-

WrL

ids
iabc

V*ds

abc
d-q

λ'm
iqs
WrL

+

+

i*qs

+

+ +
PI

+
V*qs

Figure 24: Inner Control Loops Feed-Forward

The outer speed controller shown in Figure 23 above, takes as input the error between the
reference speed and the measured speed. The resultant signal is fed into a PI regulator to generate
the desired reactive current used during the charging mode. It is worth mentioning that this
controller only operates during the motoring mode.
The outer voltage controller shown in Figure 23 above, takes as input the error between the
reference DC voltage and the measure DC voltage. The resultant signal is then fed into a PI
regulator to generate the desired reactive current used during the generating mode. From Equation
(3.14), the generating mode equations will be derived.
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3.2.2.1 Charging Mode Control Formulation
The D-Q vector presentation of the PMSM during the motoring mode is shown in Figure
25.

Figure 25: D-Q Motoring Vector Representation of the PMSM

where V and I are the stator voltage and current, E is the induce voltage, φ is the phase shift between
the V and I. Assuming the q axis as the reference axis, β is the phase shift between 𝑖

and the I,

and δ the phase between the induce voltage and V.
From Figure 25, the D-Q stator currents Equations (3.18) can be obtained such that:

𝑖

where 𝐼 =

𝑖

+ 𝑖

= −𝐼𝑠𝑖𝑛 (𝛽) 𝑎𝑛𝑑 𝑖

= 𝐼𝑐𝑜𝑠(𝛽),

(3.18)
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During the motoring mode cos (φ) = 1, as a result of that β = δ. Once the value of β is
known, the reference D-Q stator currents can be obtained for unity power factor. According to the
D-Q transformation derived above in Equation (3.14), substituting the back EMF equation and
solving for the motoring mode equations result in Equation (3.19):

𝑣
𝑣

=

𝑟 + 𝐿𝑝 − 𝜔 𝐿 𝑖
𝑟 + 𝐿𝑝 + 𝜔 𝐿 𝑖

𝑣
𝑣

+

=

0
𝜔 𝜆

Substituting (3.18) yield

𝑟 + 𝐿𝑝 − 𝜔 𝐿 −𝐼 sin(𝛽)
0
+
𝜔 𝜆
𝑟 + 𝐿𝑝 + 𝜔 𝐿 𝐼𝑐𝑜𝑠(𝛽)

,

(3.19)

δ can now be calculated as follow: 𝑡𝑎𝑛 (𝛿) =

tan(𝛿) =

𝐼𝑠𝑖𝑛(𝛽)𝑟 + 𝐼𝑐𝑜𝑠(𝛽)𝜔 𝐿
,
𝐼𝑐𝑜𝑠(𝛽)𝑟 − 𝜔 𝐿𝐼𝑠𝑖𝑛(𝛽) + 𝜔 𝜆

(3.20)

Neglecting the stator current yield:

tan(𝛿) =

𝐼𝑐𝑜𝑠(𝛽)𝜔 𝐿
−𝜔 𝐿𝐼𝑠𝑖𝑛 (𝛽) + 𝜔 𝜆

Since β = δ during the motoring mode we get:

,

(3.21)
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sin(𝛽)
𝐼𝑐𝑜𝑠(𝛽)𝜔 𝐿
=
cos(𝛽) −𝜔 𝐿𝐼𝑠𝑖𝑛 (𝛽) + 𝜔 𝜆

(3.22)

,

Assuming

𝑖=

where 𝐿 = 𝐿

& 𝐿

𝐿
𝐼𝐿
𝑎𝑛𝑑 𝜌 =
,
𝜆
𝐿

(3.23)

𝐿 , the stator inductances.

sin(𝛽)
𝜌𝑖𝑐𝑜𝑠(𝛽)
=
,
cos(𝛽) 1 − 𝑖𝑠𝑖𝑛 (𝛽)

(3.24)

For simplicity assume (𝛽) = 𝑥 𝑠𝑢𝑐ℎ 𝑡ℎ𝑎𝑡

−𝑖(1 − 𝜌𝜆 )𝑥 + 𝑥 − 𝑖𝜌𝜆

(3.25)

= 0,

The solution to Equation (3.24) are:
𝑥

,

=

1

1 − 4𝜌𝑖 (1 − 𝜌)
= 𝛽, ,
−2𝑖(1 − 𝜌)

1− 1−4
sin(𝛽) =

𝐿 𝐿 𝐼
𝜆

𝐿
2 1−
𝐿

1−
𝐼𝐿
𝜆

(3.26)

𝐿
𝐿
,

(3.27)
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From Equations (3.18) and (3.27), the charging mode can now be derived as follows:

𝑣

𝑣 = 𝑟 𝑖 + 𝐿𝑝𝑖 − 𝜔 𝐿𝑖
,
= 𝑟 𝑖 + 𝐿𝑝𝑖 + 𝜔 𝐿𝑖 + 𝜔 𝜆

(3.28)

with an electric torque

𝑃
𝜆 𝑖
2

𝑇 =

=𝐽

𝑑
𝜔 +𝑓 𝜔 ,
𝑑𝑡

(3.29)

where 𝑓 , and 𝑤 are mechanical friction and speed, and P is the electric power.
The control diagram is given in Figure 26.
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Figure 26: FESS Motoring Mode with Feed-Forward Loops
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where 𝜆

=

2/3𝜆 is the amplitude of the flux linkage established by the PMSM.

3.2.2.2 Discharging Mode Control Formulation
The D-Q vector presentation of the PMSM during the generating mode is shown in Figure
27.

Figure 27: D-Q Generating Vector Representation of the PMSM

During the generating mode cos (φ) = -1, because of that β = π +δ. The same process of the
motoring section is repeated below:

−𝑣
−𝑣

=

𝑟 + 𝐿𝑝 − 𝜔 𝐿 𝑖
𝑟 + 𝐿𝑝 + 𝜔 𝐿 𝑖

+

0
𝜔 𝜆

, substituting Equation (3.18) yield
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−𝑣
−𝑣

𝑟 + 𝐿𝑝 − 𝜔 𝐿 −𝐼 sin(𝛽)
0
+
𝜔 𝜆
𝑟 + 𝐿𝑝 + 𝜔 𝐿 𝐼𝑐𝑜𝑠(𝛽)

=

,

(3.30)

δ can now be calculated as follow:

tan(𝛿) =

−𝐼𝑠𝑖𝑛(𝛽)𝑟 − 𝐼𝑐𝑜𝑠(𝛽)𝜔 𝐿
,
𝐼𝑐𝑜𝑠(𝛽)𝑟 − 𝜔 𝐿𝐼𝑠𝑖𝑛(𝛽) + 𝜔 𝜆

(3.31)

Neglecting the stator current yield:

tan(𝛿) =

− 𝐼𝑐𝑜𝑠(𝛽)𝜔 𝐿
−𝜔 𝐿𝐼𝑠𝑖𝑛 (𝛽) + 𝜔 𝜆

(3.32)

,

Since β = δ during the motoring mode we get:

sin(𝛽 − 𝜋)
−𝐼𝑐𝑜𝑠(𝛽)𝜔 𝐿
=
cos(𝛽 − 𝜋) −𝜔 𝐿𝐼𝑠𝑖𝑛 (𝛽) + 𝜔 𝜆

,

(3.33)

Assuming

𝑖=

𝐿
𝐼𝐿
𝑎𝑛𝑑 𝜌 =
,
𝜆
𝐿

sin(𝛽 − 𝜋)
𝜌𝑖𝑐𝑜𝑠(𝛽)
=
,
cos(𝛽 − 𝜋) 1 − 𝑖𝑠𝑖𝑛 (𝛽)

For simplicity assume (𝛽) = 𝑥 𝑠𝑢𝑐ℎ 𝑡ℎ𝑎𝑡

(3.34)

(3.35)

59

−𝑖(1 − 𝜌𝜆 )𝑥 + 𝑥 − 𝑖𝜌𝜆

(3.36)

= 0,

The solution to Equation (33) are:

𝑥

,

=

1 − 4𝜌𝑖 (1 − 𝜌)
= 𝛽, ,
−2𝑖(1 − 𝜌)

1

1− 1−4
𝑖𝑛 (𝛽 − 𝜋) =

From Equations (3.18) and Equation (3.38) 𝑖

𝐿 𝐿 𝐼
𝜆

𝐿
−2 1 −
𝐿

and 𝑖

1−

(3.37)

𝐿
𝐿

𝐼𝐿
𝜆

,

(3.38)

thus the charging mode can now be as

follows:

0 = 𝑟 𝑖 + 𝐿𝑝𝑖 − 𝜔 𝐿𝑖 + 𝑣
,
𝜔 𝜆 = 𝑟 𝑖 + 𝐿𝑝𝑖 + 𝜔 𝐿𝑖 + 𝑣

(3.39)

With an electric torque

𝑇 =

𝑃
𝜆 𝑖
2

=𝐽

𝑑
𝜔 +𝑓 𝜔 ,
𝑑𝑡

where 𝑓 , and 𝑤 are mechanical friction and speed, and P is the electric power.
The control diagram is given in Figure 28.

(3.40)
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Figure 28: FESS Generating Mode with Feed-Forward Loops

3.3

DEVELOPED FESS PERFORMANCE AND VALIDATION
In this section, the developed FESS model is demonstrated in a MATLAB time-domain

simulation of a shipboard power system. For studying the dynamics and disturbances, it is vital to
include this crucial element into the simulation. A 2 MVA, three-phase, 400 V AC, 50 Hz, 1500
rpm synchronous generator coupled to a diesel engine is used to charge the FESS through a DC
link via bidirectional back-to-back voltage source converters. This system is used because it
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represents a common naval ship distribution system. The simulation set points of the grid side are
tabulated in Table 2.

Number of Phases

3

Number of Poles

2

Operating Speed Range

0 to 10000 RPM

Bus Nominal No Load
900 V DC at 10,000 RPM
Voltage
Winding Resistance

2.875 Ω

Winding Inductance

0.00085151 H

Moment of Inertia

0.0063

Table 2: FESS PMSG Set Points

The grid side converter (rectifier) regulates the DC link voltage to a 900 V DC bus voltage.
During operation, the DC link voltage is controlled to regulate the main AC voltage level during
the charging and discharging of the FESS. On the flywheel side, another voltage source converter
is used to make the PMSM behave as a motor during the charging mode or as a generator during
the discharging mode. The system schematic in Simulink is shown in Figure 29.
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Figure 29: MATLAB-Simulink Model of a FESS

The control of both bidirectional converters is done through Clark and Park synchronous
frame transformation called D-Q axis control. Using this transformation, grid side current vectors
(active and reactive current) are decoupled and controlled independently using vector control.
Here, the D-Q transform is explored further with the addition of a charge/discharge mechanical
switch to the FESS. This switch enables the operator at any time to discharge energy back to the
grid. This is achieved by the mechanical switch as shown in Figure 30 effecting a step change in
the commanded torque signal inside the control loop to transition between modes.
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Measure Vdc

Desire Vdc*
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iqs
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Figure 30: FESS Mechanical Charge/Discharge Switch

3.3.1 FESS Test Performance and Validation
To validate the performance of the developed FESS, three different case scenario tests
were carried out. The tests are as follow:
1. Performance of the developed FESS on a shipboard power system under normal
condition.
2. Performance of the shipboard power distribution system without FESS under pulsedpower load disturbance.
3. Performance of the shipboard distribution system with the developed FESS under
pulsed-power load disturbance.
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Case 1: FESS Normal Operation Run Performance
In the first case, the simulation was run for 10 seconds without switching the
charge/discharge mechanical switch and leaving it in the charge position. Figure 31 shows the
grid side synchronous machine voltage, and current, the grid side rectifier voltage, the DC-link
voltage and the modulation index schematic during the charging mode.

Figure 31: FESS Grid Side Voltage and Current

The output power of the grid side generator is fed into a three-phase controlled rectifier.
The three-phase rectifier converts the AC voltage to a 900 VDC bus voltage as stated earlier. As
shown in Figure 32, the FESS system reached steady-state speed at 2 seconds which corresponds
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to the maximum set point speed of 10000 rpm. The PMSG torque is shown to be a positive torque
during the charging mode. This shows that the FESS is acting as a motor. At 2 seconds, after
reaching the maximum set speed, the torque dropped and settled to nearly zero. Since the set-point
speed and the desired stored kinetic energy is reached, no more torque is needed to keep charging
or accelerating the FESS. This is also observed in PMSG rotational power plot which confirms
the flow direction of energy by taking the product of torque and speed.

Figure 32: Simulated FEES Motoring Mode Parameters:
(a) Speed
(b) Torque
(c) Rotational Power
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On the grid side synchronous machine, the exciter field current which control the amount
of DC voltage applied to the machine voltage, the nominal DC field voltage induce, the machine
terminal voltage along with the mechanical and electrical power waveforms are displayed in Figure
33. These waveforms will be used as guides in the remaining two test cases to display the impact
of the pulsed load on the grid side machine with and without the FESS.

Figure 33: Synchronous Machine and Exciter Nominal Parameters:
(a) Current
(b) Voltage
(c) Mechanical Power
(d) Electrical Power
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Case 2: Performance of the shipboard power distribution system without the FESS under
pulsed-power load disturbance
In the second case, the simulation was repeated for another 10 seconds. At approximately
2.5 seconds after reaching steady state, a pulsed load was triggered. The charge/discharge switch
remains on the charging mode which means that the FESS is still not supporting the grid. The
impact of the pulsed load on the grid bus voltage and current, the grid side rectifier output voltage
and the DC-link voltage are displayed in Figure 34 (a) and Figure 34 (b). All of these waveforms
exhibited some severe disturbances for about 1.5s. Consequently, the entire system was unstable
during the length of the operation of the pulsed load. This is unacceptable, especially during a
critical mission or battle because it could be fatal to both humans and the entire ship.

Figure 34: (a) Grid Disturbance under Pulsed-Power Load without FESS
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Figure 34: (b) Grid Disturbance under Pulsed-Power Load without FESS

On the machine flywheel coupling shown in Figure 35, a small disturbance is depicted only
on the input torque and input power to the assembly. This could be a result of the disturbed DClink voltage controller trying to adjust the energy going into the machine flywheel assembly. The
flywheel speed exhibited no visible disturbance. This confirms what has been stated earlier. Once
a flywheel reach saturation or the desired speed no other force is needed to keep the mass spinning.
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Figure 35: Simulated FEES under Pulsed-Power Load Motoring Mode:

On the grid side synchronous machine, the exciter nominal voltage and current, the synchronous
machine terminal voltage, the mechanical and electrical power exhibited severe disturbances as
shown in Figure 36. Earlier, it was stated that under increased loading conditions a generator tend
to slow down so that more energy can be generated to balance the new power demand. Generating
more power than the designed average limit results in more fuel consumption and carbon dioxide
(CO2) emission as depicted in the exciter nominal field current and voltage in the figure below.
This may in some cases degrade the overall system efficiency.
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Figure 36: Synchronous Machine and Exciter Parameters under Pulsed load

Case 3: Performance of the shipboard power distribution system with the FESS under
pulsed-power load disturbance
In this last step, the simulation was run for 10 seconds. At approximately 2.5 seconds after
reaching steady state, a pulsed load was triggered simultaneously with the charge/discharge switch
set to the discharge mode. At approximately 4 seconds, the switch was set back to its initial
position (charging mode). The results indicate the sequence of the shipboard power system
dynamic behavior under the developed FESS. First, as shown in Figure 37 (a) and Figure 37 (b),
the grid bus voltage and current display a negligible disturbance when compared to Figure 34 (a)
and 34 (b). As for the DC-link voltage, no disturbance is noted except when the charge/discharge
switch was set back to its normal position at 4s.
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Figure 37 (a): Grid Disturbance under Pulsed-Power Load with FESS

Figure 37 (b): Grid Disturbance under Pulsed-Power Load with FESS
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On the flywheel machine assembly, a drop in the FESS speed waveform at 2.5 seconds is
noted on Figure 38. Then, at 4 seconds when the switch was set back to its initial position, the
FESS recharges the supplied energy. A positive and negative torque in the graph of the PMSG
shows that the FESS acted as a motor during the charging mode and as a generator during the
discharging mode, which is also seen in the PMSG rotational power plot. The fluctuation shown
in both the torque and the power waveforms are normal FESS operation waveforms response.

Figure 38: Simulated FEES under Pulsed-Power Load Disturbance
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On the grid synchronous machine, as shown in Figure 39, the exciter nominal voltage,
current, the machine terminal voltage, mechanical and electrical exhibit a very low disturbance as
shown when compared to the system response obtained in Figure 36.

Figure 39: Synchronous Machine and Exciter Nominal Current, Voltage, Terminal Voltage and
Mechanical and Electrical Power under Pulsed Load with FESSS

3.4

CONCLUSION
In this chapter, a FESS based on a permanent magnet synchronous machine mathematical

equation was derived using a D-Q rotational reference frame transformation.

One of the

advantages that this D-Q transformation (also called Park transformation) offers is to enable a
decoupling grid instantaneous active and reactive current. Thus, system charging/motoring mode
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is derived from an error signal between the reference speed and the rotor speed. This error signal
is used to generate the reactive current needed to generate the desired torque so that the appropriate
momentum is created for the targeted kinetic energy. The generating or discharging mode is
obtained through the same reactive current as shown above, but from an error between a reference
DC-link voltage and a measured DC bus voltage. Grid auto correction or voltage sag function was
then replaced by an operator mechanical switch. The developed system performance was verified
by comparing the time domain electrical responses with and without FESS operation. The
shipboard power distribution system dynamic transient under pulsed-power load with the
developed FESS displayed a balanced power, and an enhanced system overall transient stability
throughout operation.
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CHAPTER 4
MODELING AND PERFORMANCE OF SHIPBOARD MVDC SYSTEMS

4.1

SHIPBOARD MVDC SYSTEMS MODELING
A notional MVDC shipboard power distribution system as shown in Figure 40 consists of

a two zone 12 kV distribution bus system. Zonal distribution system 1 consists of one power
generation module (PGM) 1, one power conversion module (PCM) 1, a pulsed-power load, four
cables section (CS_X), two switchboards (SWB_A and SWB_B), and tow disconnect switches.
Zonal distribution system 2 consists of a power generation module PGM2, two propulsion motor
modules PMM, one power conversion module PCM2, six cables section, two switchboards
(SWB_C and SWB_D), and four disconnect switches. The two zones are linked together by two
disconnect switches along the port and starboard side.

ZONE 1

ZONE 2
PORT

SWB_A

Z1Z2_CS2

SWB_D

Z2_CS14*

Z2_CS11*

Z1_CS9

Z1_CS21

L to L Fault

PGM2
PMM

Z2_CS14

Z1Z2_CS2

Z2_CS11

PCM2
Z2_CS22

Z1_CS9*
SWB_B

PCM1

SWB_C

STARBOARD

Figure 40: A Notional MVDC Shipboard Power Distribution System

FWD

PMM

PGM1

Z2_CS4

AFT

Z1_CS8

Pulsedload
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4.1.1 Power Generation Modules
The Power Generation Modules (PGM) are modelled as gas turbine driven synchronous
generators rated at 45 MVA, 240 Hz, 6-pulse. Both PGMs are operated at 240 Hz with their
apparent power rating gradually increased to 45 MVA to manage the reactive power required by
the thyristor-controlled rectifiers (TCR).

The synchronous machine controllers used in the

distribution system are described in [74], [75]. The machine controller’s configuration set-points
given in Tables 3 to Tables 5 were derived from those used in [74].

Constant

Description

Setpoint

PW

Generation Power

72 MW

Mmva

Rated MVA of the Machine

45 MVA

cfqr

Number of Q-axis Rotor Windings

1

Vbsll

Rated Line Voltage

13.8 kV AC

HTZ

Base Frequency

240 Hz

H

Inertia Constant

4 MWs/MVA

D

Synchronous Mechanical Damping

0.04 pu/pu

Xa

Stator Leakage Reactance

0.08 pu

Xd

D-axis Unsaturated Reactance

1.352 pu

Xd’

D-axis Unsaturated Transient Reactance

0.296 pu

Xd”

D-axis Unsaturated Sub-Transient Reactance

0.148 pu

Xq

Q-axis Unsaturated Reactance

0.836 pu

Table 3: Synchronous Machine Constants

77

Constants

Description

Setpoint

R

Permanent Droop

1e-6 pu

T1

Governor Mechanism Time Constant

0.005 sec

T2

Combustion Chamber Time Constant

0.04 sec

Exhaust Temperature Measurement Time
T3

0.01 sec
Constant

AT

Ambient Temperature Load Limit

0.9 pu

Kt

Maximum Turbine Power

2

Vmax

Maximum Turbine Power

0.8 pu

Vmin

Minimum Turbine Power

0 pu

Dturb

Turbine Damping Coefficient

0.03

Table 4: Gas Turbine Constants
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Constants

Description

Setpoint

Tr

Filter Time Constant

0.001 sec

Tb

Lead-lag Denominator Time Constant

0.1 sec

Tc

Lead-lag Numerator Time Constant

0.2 sec

Ka

Voltage Regulator Gain
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VAmax

Maximum Control Element Output

15 pu

VAmin

Minimum Control Element Output

-15 pu

Te

Exciter Time Constant

0.2 sec

Kf

Rate Feedback Gain

0.03 pu

Tf

Rate Feedback Time Constant

1.49 sec

Kc

Rectifier Regulation Factor

1 pu

Kd

Exciter Internal Reactance

0.4 pu

Ke

Exciter Field Resistance Constant

1 pu

E1

Value of E at Se1

4 pu

Se1

Value of Se at E1

0.4

E2

Value of E at Se2

5 pu

Se2

Value of Se at E2

0.5

Cal

Saturation Constant ‘A’ Calculation Method

abs(A)

VRmax

Voltage Regulator Maximum Output

14.99 pu

VRmin

Voltage Regulator Minimum Output

-14.99 pu

Table 5: Exciter Constants
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4.1.2 Thyristor Controlled Rectifier
The output of both gas turbine synchronous machines is fed into their corresponding six
pulsed TCRs. TCRs are used here because of their ability to control the DC output for voltage
regulation. Furthermore, they can provide high power transfer and high voltage switching
frequency. In this design, the two zonal TCRs convert the 45 MVA AC input voltage to a 12 kV
DC bus voltage, a firing angle for the TCR is chosen along with a firing pulse generator [74]. The
TCR configuration set-points given in Table 6 were derived from those used in [74].

Constants

Description

Setpoint

TMVA

TCR Rating

45 MVA

Rated RMS L-L Primary
Vbspr

9.8 kV
Voltage

Freq

Rated Frequency

240 Hz

Rp

Positive Sequence Resistance

0.0 pu

Lp

Positive Sequence Reactance

0.01 pu

SnR

Valve Snubber Resistance

1000 Ω

SnC

Valve Snubber Capacitance

25 μF

RON

Valve ON Resistance

0.001 Ω

ROFF

Valve OFF Resistance

1e9 Ω

RLdc

Output Reactor resistance

0.075 Ω

LLdc

Output Reactor Inductance

790

Table 6: TCR Constants
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4.1.3 Power Conversion Modules
In this dissertation the Power Conversion Module (PCM) of each zone is modeled as a
constant impedance type with a resistive load directly connected to the 12 kV DC bus. PCM1 is
rated at 7.2 MW and PCM2 is rated at 1.44 MW. However, the primary purposes of PCM are to
convert input power and to protect in-zone generation bus against system fault (s). PCM can either
use their natural built-in property called current limiting mode to protect the generation bus. This
is done by limiting the amount of current drawn from the power system to prevent bus voltage to
collapse. PCM also protects the generation bus by isolating faulty circuitry or tripping the in-zone
circuit breaker. Figure 41 exhibit the PCM used in the design system.

Ship
45 MVA

TCR coverts to

12 Kv DC

12 Kv DC Bus

7.2 MW
PCM 1

Figure 41: MVDC System PCM Modules

Rest of the System

1.44 MW
PCM 2
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4.1.4 Pulsed-Power Load Module
A 1.44 MW pulsed-power load is implemented in Zone 1 as shown in Figure 42. It is
designed as a variable resistive load directly connected to the 12 kV bus. To enable system pulsed
studies, load controls have been implemented in the model. Pulsed-load discharge time can be set
and applied at any point on the DC bus on demand by a user.

Ship
45 MVA

Thyristor

12 Kv DC Bus

Rest of the System

20 kΩ

Pulsed Load

Figure 42: MVDC Pulsed-Power Load

4.1.5 MVDC Systems Fault Control Blocks
To enable fault investigation, two types of fault control blocks have been implemented in
the MVDC system. The fault blocks enable the representation of an electrical fault as an
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instantaneous change in the impedance. Three different mechanisms can be used to trigger a fault
using these fault blocks.
● A fault can be triggered at a specific time. In this studied system the fault (s) were
triggered after reaching steady state so that the true fault dynamic transient can be
captured.
● A fault can be triggered when a predefined bus voltage or current range is exceeded.
● A fault can be triggered when an external trigger signal goes high or low.
During normal operation the resistance value between the two fault block ports is infinity,
which means open contacts. Upon occurrence of a fault, the resistance between the two ports
change to the default value of 0.003 ohms and the output of the fault block change state from 0 to
1. In this dissertation, a fault block is applied to the 12 KV DC bus line to line and on bus line to
ground. A fault block representation used is shown in Figure 43.

83

Line to Line
Fault Block

-

+
Ship
45 MVA

External input

12 Kv DC

12 Kv DC Bus

TCR coverts to

Rest of the System

++++++++++++

--------------

Line to Ground
Fault Block

+

-

Fault Output

External input

Figure 43: Shipboard MVDC System Faults Blocks Schematic

4.1.6 Propulsion Motor Modules
Two 18 MW Propulsion Motor Modules (PPM) are implemented in Zone 2 as shown in
Figure 44. The PPMs are designed as a constant resistive load directly fed from the 12 kV
distribution bus. The disconnect switch arrangement allows the PPMs to be fed from either the
port or the starboard side. They also enable power to be fed to the PPMs equally from both the
port and the starboard side.
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PMM

Ship
45 MVA

TCR coverts to

12 Kv DC

Rest of the System

18 MW
PMM 2

12 Kv DC Bus

18 MW
PMM 1

PMM

Figure 44: Shipboard MVDC System Zone 2 PMMs

4.1.7 MVDC Systems Cable Sections
The cable sections model is described in [74] with a resistance inductance in series with
breakers. The cable impedance set points are derived from reference [76] data and are tabulated
in Table 7.
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Zone cables
Z1Z2_CS2

Location
Port Mid ship

Resistance

Inductance (

(mΩ)

μH)

29.5

0.21

3.47

29.5

0.21

3.47

Length (m)

Forward (FWD) Center
Z2_CS4
line (CL)
Z1Z2_CS6

Starboard Mid Ship

29.5

0.21

3.47

Z1_CS8

AFT Centerline

41.75

0.3

4.91

Z1_CS9

AFT Port

22.4

0.16

2.63

Z1_CS9*

AFT Starboard

22.4

0.16

2.63

Z2_CS11

FWD Port

45.2

0.32

5.32

Z2_CS11*

FWD AFT

45.2

0.32

5.32

Z2_CS14

FWD Port

29.1

0.21

3.42

Z2_CS14*

FWD Starboard

29.1

0.21

3.42

Z1_CS21

AFT Port

18.2

0.26

4.3

Z2_CS22

FWD Starboard

20.1

0.28

4.73

Table 7: Cable Sections Set Points

4.1.8 MVDC Systems Disconnect Switch
Disconnect switches (Z1Z2_CS2, Z2_CS4, Z1Z2_CS6, Z1_CS8) are implemented in the
model as shown in Figure 40 along the 12 kV main bus. The goal is to add a ring bus topology to
the zonal distribution system by providing a connect/disconnect switch between the two zones,
FWD and AFT as well as port and starboard. Furthermore, through these switches, power can be
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rerouted on demand. Table 8 provides the ON/OFF set-point of the single-phase disconnect
switches.

Disconnect Switch
Default Set-Point

Min Set-Point

Max Set-Point

OFF

1e9 Ω

0.001 Ω

N/A

ON

0.001 Ω

0.001 Ω

N/A

Resistance

Table 8: Disconnect Switch Constants

4.2

SHIPBOARD MVDC SYSTEM SIMULATION AND PERFORMANCE
To investigate and analyze the system dynamic transient performance, the MVDC system

was subject to some transient disturbances such as pulsed-power load and bus faults. Therefore,
in this section, the 45 MVA, 240 Hz, 6-pulse and 12 kV shipboard MVDC system is simulated
using the MATLAB Simscape package. The IEEE grounding Standard 1709 midpoint grounding
arrangement is adopted in the MVDC system as described in [77]. Thus, the DC bus negative and
positive voltage lines are each tied to a 2.5kΩ ground resistor and parallel to the capacitors as
shown in Figure 45. This will enable a reference point for the MVDC bus to establish voltage
balancing. Without a DC path to ground, the presence of even small leakage currents can cause
an unpredictable DC offset. One advantage of the midpoint grounding system is that the equipment
requires an insulation level of half voltage to ground. Another advantage, if the system is properly
designed, the system can operate in emergency at half power with one of the buses out of services.
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ZONE 1

PGM1

ZONE 2

PGM2

Midpoint high resistance
grounding

Figure 45: MVDC Midpoint Grounding System

Case 1: Normal Operation Run
The simulation was run for 3 seconds, and the grid side power generation module threephase voltages and current responses were captured and displayed in Figure 4.6. The DC bus
voltage looks very clean which implies a heavy filtering by either the choke or the capacitor. The
current signatures for both generation units were also captured and presented in Figure 47. They
show slide voltage notching distortions because of the rectification of the machine AC voltage.
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Figure 46: MVDC Generator Voltage & Current Normal Operation
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Figure 4.7: Zonal MVDC System Bus Voltage & Current Normal Operation

Case 2: Pulsed-Power Load Signatures
To understand the impact of pulsed-power load on the system, a second run was performed.
During the simulation, the pulsed load was triggered at 2 seconds. Figure 48 shows a momentary
grid voltage and current distortion because of the pulsed load. The drop in the voltage is justified
by the generator’s natural response to an increase in the system loading. Generators tend to slow
down which is usually shown in their RPM so that more torque can be picked up in reaction to a
load increase. The spike shown on the grid current is the torque response applied to the engine
rotor. The 5ms distortion time is a result of the generator’s quick response to the pulsed load. The
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aim of this research is not to investigate the impact of PPT on grid side, but to show 1) PPT
effectively contributing short duration power injection for PPT and 2) to advise future work to
investigate on increased pulsed-power time constant in order to study current and voltage distortion
impacts and duration.

Figure 48: Pulsed-Load Signature on the Grid Generator
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On the DC bus side, bus voltage and current disturbance were also noted as displayed in
Figure 49. This is an expected system response since no energy storage is tied into the DC bus.
An interesting factor here was noted. It took the bus voltage about 0.106 second to stabilize while
it only took the bus current 0.061 seconds.
This is an unexpected discovery because it is not observed in typical shipboard power
distribution systems between grid voltage and current settling time.

A pulsed-power load

disturbance on a conventional (AC) shipboard power distribution system is defined by a short bus
voltage drop and a short bus current spike. Generally, the settling time difference between the
disturbed bus voltage and current is not noticeable. In the proposed technique, a numerical error
of about 4.5% is noted with a lagging voltage settling time. In AC systems, transformers are used
to interface loads and to provide galvanic protection. On MVDC distribution systems, these
transformers are replaced with power electronics. Power electronics do not provide galvanic
protection, but they do have their own built-in natural protection, which entails switching between
voltage or current limiting modes. Therefore, the numerical error recorded between the bus voltage
and current on the MVDC system may have been a result of:


The thyristor switching from a voltage limiting mode to current limiting mode to try to
protect the DC distribution system against the current surge.



A slow response induced by the rectifier PI controller while waiting for the error signal.



The system time constant (T = ).



The grid side AVR system.
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Figure 49: Pulsed-Load Signature on the DC Bus Voltage & Current
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Case 3: Pulsed-power load profile at 100-, 300-, and 1000-Kw Signatures
In this section, the shipboard MVDC system was subject to different pulsed-power load
profiles. The dynamic transient disturbances recorded are depicted from Figure 50 to 55. This
transient response shows that both the AC and DC grid voltage and current disturbances are
directly proportional to a PPL profile. As the loading increases, the disturbance amplitude of both
the voltage and current increases.

Figure 50: Pulsed-Load Signature on the Grid Generator at 100 Kw

94

Figure 51: Pulsed-Load Signature on the DC Bus Voltage & Current at 100 kW

Figure 52: Pulsed-Load Signature on the Grid Generator at 300 KW

95

Figure 53: Pulsed-Load Signature on the DC Bus Voltage & Current at 300 Kw

Figure 54: Pulsed-Load Signature on the Grid Generator at 1000 KW
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Figure 55: Pulsed-Load Signature on the DC Bus Voltage & Current at 1000 KW

Case 4: Line to Line Fault on The DC Bus
To investigate the impact of both lines to ground fault signature on the DC bus, a second
run was performed on the MVDC system. A bus fault was triggered at 2 seconds, therefore
shorting both lines to ground. The grid side disturbance was defined by a drop in the AC voltage
and a spike in the AC current as shown in Figure 56. DC offset theory is key in explaining the
current and voltage fault intercept [78]. Based on the description given in [78], one can conclude
that the fault intercept occurs when voltage phase A was at 90 o, which is the result of the displayed
voltage and current shapes.
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Figure 56: Line-to-Line Signature on the Grid Generator

The DC bus voltage and current system response to the line-to-line fault are displayed in
Figure 57. The DC bus voltage is characterized by a voltage drop followed by an exponential
decay toward infinity. This fault signature can only be justified by the fact that the rectifier, which
was operating originally as a voltage source mode, went into a current-limiting mode. Power
converters tend to limit fault current well below the detection threshold of protection relays, which
makes it difficult to detect. These are some of the operational properties of power converters,
which complicates the fault transient signature and protection system performance. The bus
current is defined by a sudden rise, a distortion and then a decay different from the bus voltage

98

decay. The fault signature here is a contribution of two factors: the discharge of the bus capacitor
represented by the fast current peak, and the inductors discharge represented by a slow decaying.

Figure 57: Line-to-Line Signature on the DC Bus Voltage & Current

Case 5: Line-to-Ground Fault on The DC Bus
A simulation was performed with only the negative line to ground faulted to demonstrate
the difference between a double line-to-ground fault and a single line-to-ground fault. Interesting
system responses were observed (as shown in Figure 58, and Figure 59). On the grid side, the
generator phase voltage exhibits distortions and a positive phase shift toward the positive y-axis.
During normal MVDC operation conditions, DC lines balance their voltage with respect to ground
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depending on each line resistance. If the system is symmetrically built, each line to ground will
carry half of the total voltage. Consequently, during a line-to-ground fault, the unfaulty line may
be subject to full bus voltage. The corresponding phase current is defined by an increase on the
current magnitude and a distortion on the upper part of the current waveform. The AC current
waveform is also noted to be non-sinusoidal and highly asymmetrical. Converters do not decouple
the AC grid from the DC grid, and in some cases due to the absence of transformers current may
damp back through generator’s neutral point resistor, which may cause a distortion (shown in the
AC current waveform in Figure 56). A second simulation run was carried out with the positive
line to ground faulted. The system response obtained on the voltage was the opposite of what was
described above with the negative line-to-ground fault. A distorted voltage with a voltage phase
shift toward the negative y-axis were noted.

However, the three-phase current waveforms

distortion remained the same. On the DC bus, for both simulations, a very low voltage drop is
noted because line to ground fault on DC bus voltage are of low impact. However, the DC current
waveform disturbance, which very much looks like a three-phase half-wave converter current
signature could be a result of current being forced to go through only half of the converter bridge.
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Figure 58: Line-to-Ground Signature on the Grid Generator Voltage & Current

On the DC bus, in both simulations, a very low voltage and a distortion on the DC current
waveform is observed below.
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Figure 59: Line-to-Ground Signature on the DC Bus Voltage & Current

Case 6: Line-to-Line Fault Combined with a Pulsed-Power Load on The DC Bus
In this simulation, the line-to-line fault and the pulsed-power load were initiated at 0.2
seconds to investigate and comprehend their interactive impact on the MVDC system. The system
response that was observed was the same as described in the line-to-line fault for both the grid and
DC bus side (as shown in Figure 60 and Figure 61). The conclusion drawn here is that no matter
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the amount of the pulsed load if a line-to-line fault occurs, the system response will mimic the fault
behavior.

Figure 60: Line-to-Line and Pulsed-Load Signature on the DC Bus Voltage & Current
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Figure 61: Line-to-Line and Pulsed-Load Signature on the DC Bus Voltage & Current

4.3

ARC FAULT ASSESSMENTS
A fault in the MVDC systems can be triggered by a minor conductor (steel screw, copper

wire) across the bus and the ground. It can also be a result of a small animal bridging the
conductors or even a condensation of water over an insulator. The resultant effect can quickly
grow into a long-lasting arc due to the absence of the natural zero-crossing in DC grid.
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In this section, the calculation of the arc fault is conducted in one of the MVDC system
modular branch, following the IEEE Standard 1564-2002 [79]. It is vital to understand that the
IEEE 1584 equations are valid solely for certain conditions. These conditions for the test data are
tabulated in Table 9.

Parameter

Set point

System Voltage (KV)

12000 KV

Grid Frequency (Hz)

60 HZ

Bolted Fault Current (KA)
Gap Between the Electrodes (mm)
Equipment Enclosure Type
System Grounding Type
Type of Fault

24.1 KA
1 to 200 mm
Closed air
High resistance Grounded
Line to Line

Table 9: MVDC Applicable Set Point for Use of the IEEE 1584 Calculation Method

4.3.1 Characteristics of Arc Fault Using the Shipboard MVDC System
An arc consists of three regions—node, cathode, and plasma region—as shown in Figure
62.
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Varc
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Cathode

Iarc

Anode
Region
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Cathode
Region

Figure 62: Arc Fault Regions Representation

The voltage slope across the arc plasma depends on the actual length of the arc. The arc
can sometimes deviate from the gap width between the electrodes (as shown in Figure 63).

Anode Drop

Voltage
Varc

Cathode Drop

Arc Length

Figure 63: Arc Fault Voltage Slope Deviation
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Note that the deviation length is directly proportional to the gap widths. It is also worth mentioning
that the voltage slope in the plasma region is nearly independent from the arc current— for current
magnitude above 50A for open air arc [80].
4.3.1.1 Maximum Power Method ARC Assessment on The Shipboard MVDC System
The two-zone MVDC system bus anode and cathode were connected across a Simscape
fault block. The standard working distance D = 18” or 45.72 cm and the 𝑇

= 2s were chosen to

compute the incident energy. The arc fault across the line were triggered by a change in the
instantaneous resistance.

𝑉

= 0.5 ∗ 12000 = 6000 𝑉,

(4.1)

= 0.5 ∗ 2.41 ∗ 10 = 12050 𝐴,

(4.2)

= 0.5𝑉

The arc current is estimated to be
𝐼

= 0.5𝐼

The incident energy
𝐼𝐸 = 3 ∗ 0.02 ∗ 𝑉

∗𝐼

∗

𝑇
𝐷

= 4,150.6

𝑐𝑎𝑙
,
𝑐𝑚

(4.3)

4.3.1.2 Arc Resistance Method ARC Assessment on The Shipboard MVDC System
Using Equations (2.7) and Equation (2.8) and the empirical arc formulas for arc
current100𝐴 < 𝐼

< 100 𝐾𝐴 [81], the shipboard MVDC arc fault voltage and resistance are

tabulated in Table 10 for different electrode gap value.
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Electrode Gap (mm)

Arc Voltage (V)

Arc Resistance (Ω)

1

32.823

0.003

5

102.619

0.009

10

77.161

0.006

20

119.895

0.010

50

175.495

0.015

100

329.071

0.034

200

628.947

0.052

Table 10: MVDC Arc Voltage and Resistance Computation Using the Resistance Method

4.3.2 Arc Voltage and Resistance VS Electrode
In this section, the studied shipboard MVDC system fault analysis arc fault voltage and
resistance tabulated in Table 10 above were plotted against the electrode gap. The calculation
incorporates the Resistance Method that can feed an electric arc flash without blowing a fuse. This
is to anticipate potential hazards from DC arc flashes transient behaviors on future shipboard
MVDC systems. From the below Figure 64 (a) and (b), it can be concluded that there is a direct
relationship between the electrode gap and the arc flash voltage and resistance. Therefore, as the
gap between the anode and cathode increases or decreases the corresponding arc flash voltage or
arc resistance increases or decreases. This highlighted the practicable consideration that can be
taken in designing some of the future circuit breakers, disconnect switches or even relays for
shipboard MVDC systems.
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Figure 64: Electrode Gap Impact on the Arc Voltage or Arc Resistance

4.3.3 Arc Resistance VS Arc Current
The arc resistance versus the arc current of the shipboard MVDC system test results is
plotted here to examine how the arc current is impacted as the arc resistance is increased or
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decreased. Figure 65 shows that they are inversely proportional—as the resistance is decreased,
the arc current is increased.

1.6

Arc Resistance and current

1.4

1
0.8
0.6
0.4

Arc Resistance (Ω)

1.2

0.2
0

Arc Cuurent (A)
Figure 65: Arc Resistance Impact on the Arc Current

In addition, the above figures clearly highlighted another important fact about personal and
equipment safety. Equipment should be designed for safe testing and maintenance. Test points
should be included and easy to access so that voltage and current testing can be accomplished
while reducing exposure to arc flash hazards. Switchboards, load centers, transformers and
distribution panels should be designed with arc flash-proof shielding. High rated breakers should
be arc vacuum-proof.

Finally, personnel should be well equipped with arc-proof Personal

Protecting Equipment (PPE), arc-proof clothing. They also should participate in some recurring
arc flash awareness classes.
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4.4

CONCLUSION
In this Chapter, the proposed shipboard MVDC system was modeled and simulated in the

MATLAB Simscape package. Through the MVDC system, a variety of generator and DC bus
fault dynamics and pulsed-power load were addressed and partially analyzed through different
case scenarios. The intent is to gain a better understanding of potential issues that future smart
DC-based micro grids may present. Note that MVDC systems are still under development even
though the literature presented in Chapter 2 has shown significant advantages of using MVDC
over MVAC. In the next chapter, a fault detection and isolation technique will be developed for
the shipboard MVDC studied above. This fault detection and isolation technique will be derived
based on the simulation responses conducted in this chapter.
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CHAPTER 5
FAULT PROTECTIONSYSTEM FOR THE SHIPBOARD MVDC SYSTEM

5.1

BACKGROUND
In this chapter, based on the proposed shipboard MVDC short-circuit fault(s) and

disturbances and PPL transient system responses, a communication-based fault detection and
isolation system controller that extends upon AC directional overcurrent relay protection system
principles is developed and proposed. The controller is designed to discriminate between system
dynamic short-circuit fault(s) and bus current transient disturbances due to a PPL. To validate the
effectiveness of the proposed protection controller, different bus current disturbances are studied
using the PPL system at different ramp rates, pulse widths, power levels, and locations.

5.2

PROPOSED PROTECTION SYSTEM
Shipboard power system is isolated and distributed over a short distance depending on the

distribution techniques: radial, ring or zonal distribution system. Therefore, it is vital to have a
secure and reliable power flow during operation—especially at sea. For instance, current trends
[49], [55], [82], [83] highlight significant research interest in MVDC distribution systems. One of
the important aspects of MVDC shipboard power system design is developing a secure, robust,
and reliable protection system [44]. As stated in [84], protection problems in MVDC distribution
systems involve fault detection, localization, and isolation. The literature has revealed five
different types of fault protection techniques applicable to MVDC distribution systems. These
techniques along with their differences are summarized in Chapter 2, Table 1.
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As a result, a communication-based fault detection, localization and isolation system controller
that mimics a directional overcurrent relay protection system is developed and proposed. The
controller is designed to segregate between system dynamic short-circuit fault and bus current
disturbance due to a PPL. To validate the effectiveness of the proposed protection controller,
different bus current disturbances are triggered using the PPL system at different ramp time rates,
pulse widths, power levels, and locations.
5.2.1 Background on Overcurrent Protection Relaying
Overcurrent Relay (OCR) is traditionally defined based on an electromechanical relaying
protective device, which operates only when the current value in a given circuitry exceeds a
predetermined set value, also known as the pickup, for a given amount of time. As displayed in
Figure 66, OCR takes a single instantaneous input in the form of AC current. It has a normally
open-contact output port which changes states to shut whenever the relay trips. The time settings
shown on the figure decides the operation duration of the OCR while the plug setting decides the
current required for the OCR to pick up [84].

Time Setting

Instantaneous Current

Trip Output signal

Plug Setting

Figure 66: Overcurrent Relay Diagram
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The time taken by an OCR to trip a breaker for a range of over current conditions is define the
Time-Current Characteristic Curve (TCCC) as shown in Figure 67.

T

Extremely inverse

A

OCR Operation Time

Inverse minimum time
OCR

Inverse- time characteristic
Longer time to trip delay

B
Very inverse

Instantaneous characteristic
Medium to short time to trip delay

C

IL

IS

D
I

OCR Current

Figure 67: Time-Current Characteristic Curve for OCR

The x-axis of the TCCC describes the fault current flow level and the y-axis describes the time
taken by the relay before initiating a trip action. The A-D slope represents the OCR inverse
characteristic and tends to a definite minimum operating time as the current becomes severe. The
requirement of operating in this segment is that the more severe the short-circuit gets, the faster it
should be extinguished. The reason behind that is if the overcurrent is permitted to sustain for a
longer period it may cause grave damage to the apparatus. The B-C segment represents the OCR
instantaneous characteristic, also known as the high-set. The time delay taken by the relay in
sending the trip signal when operating in this segment should be shorter than the previous segment.
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The C-D slope represents the OCR-definite, minimum-time characteristic.

Normally, no

intentional time delay should be taken when operating in this segment. However, it may be
necessary if the relay is to coordinate with downstream protection elements (such as fuses). The
generic equation of the OCR inverse-time characteristics is given as [72], [85], [86]:

𝑇

=

𝑇𝑀𝑆 ∗ 𝛽
,
𝐼
−1
𝐼

(5.1)

where TMS (time multiplier setting) and 𝛽 are two constants used to determine the function of the
relay, 𝛼 is the constant that determines the inverse characteristic. 𝐼 is the load current or the
instantaneous DC current, and 𝐼 the setting or pickup current. The coefficients of Equation (5.1)
determine different standard characteristics (such as the normal inverse, very inverse and
extremely inverse characteristics defined by the IEEE, American National Standards Institute
(ANS)I, IEC and other standards).
Conventional AC protection relay uses fundamental frequency phasor Root Mean Square
(RMS) values of two AC quantities to detect the existence of a fault. These quantities are in most
cases the protecting zone bus voltage and current. During the process, all the harmonics are
typically filtered out in digital relays which lead to the loss of some useful information. For
instance, under an arc fault scenario, the value of the resistive component of the faulty bus
impedance will increase to change the impedance angle. Since the protected bus is made up of
inductance (X) and resistance (R), its fault angle depends on the relative values of the operating
frequency, X and R.

Consequently, under resistive conditions, a protective relay with a

characteristic angle equivalent to the bus angle will underreach.
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5.2.2 Proposed Protection Controller Algorithm
The proposed MVDC protection controller was designed based on the dynamic
performances conducted in Chapter 4, Section 4.3. In Section 4.3, it was demonstrated that the
DC-link current signatures under PPL disturbance and the DC short-circuit fault are quite similar
as shown in Figures 50 & 52. This problematic issue has been highlighted [87] as stated
previously, where there is difficulty in distinguishing the coexistence of a short-circuit fault and a
PPL disturbance in the design of an MVDC protection system can result in an unnecessary breaker
trip or overlooking a genuine fault. Consequently, the overall shipboard MVDC system becomes
unreliable. For these reasons, a suitable protection system should be sensitive to dynamic
interaction during transients and to distorted fault waveforms as summarized in Table 2. In this
work, under the protection system domain, a technique that detects and distinguishes these issues
has been developed and tested.
5.2.3 Proposed Controller Fault and Disturbance Segregation Technique
During operation of the system under test, the current flow in each power system cable
section is supervised by a local communication-based protection controller. When the load current
IL is greater than or equal to the set current 𝐼 (𝐼 ≥ 𝐼 ), the section cable breaker is flagged, and
the disturbance identification process is initiated.

The

relation from Equation (5.1)

determines the operational time of the proposed protection controller. In the design of the
protection controller, 𝐼 is a pre-set value, and 𝐼 varies. 𝐼 varies due to system disturbance from
either a short-circuit fault(s) and/or an increase in the system loading. In Chapter 2, Figure 52, it
can be seen that the disturbance caused by a short-circuit fault on the DC grid bus current has a
peak current that is almost double the PPL current disturbance peak shown in Figure 57. Thus, to
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distinguish between the two disturbances, during operation,
compared to 𝑇𝑀𝑆 ∗ 𝛽. As long as

component is integrated and then

integration remains under 𝑇𝑀𝑆 ∗ 𝛽, no action will be taken

by the controller. This logic is backed up by a directional algorithm, which delays the trip signal until it
verifies that the DC grid bus voltage falls below some set threshold as displayed in Figure 50.

Once the DC grid bus voltage drops below the set threshold, the trip signal is released, and the
corresponding breaker(s) is tripped which isolate the section cable(s). The isolated section(s)
remains isolated from the rest of the distribution system as long as the fault remains. A feedback
reset algorithm is set to constantly monitor the tripping logic. Whenever one or both tripping logic
changes state, the reset algorithm resets the process. A close signal is then automatically sent to
the corresponding breaker(s) and the isolated section(s) is brought back online. The overall
protection system controller flowchart is given in Figure 68 below.
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Figure 68: Proposed Protection Controller Flowchart
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5.2.4 Proposed Controller Performance and Test Validation
The proposed controller performance and validation are studied here for different
disturbance conditions on the shipboard MVDC system presented in Figure 45. The parameters
discussed above are used during the simulation run as follow Table 11:

α

β

TMS

𝐼

0.14

0.02

8572

450 A

Table 11: Proposed Controller Coefficient Set Points

Case 1: The system was first run for 0.5s to reach steady state, after which a line-to-line-to-ground
short-circuit fault was triggered at 0.2s on Z1CS21 section cable (Figure 45). As displayed in
Figure 69(a), the fault protection controller was able to detect and isolate the faulty section within
50ms. Furthermore, the DC grid bus voltage was also recovered within the same time frame. In
the second situation, an additional fault was also triggered on Z2CS14 0.03s after triggering the
fault on the Z1CS21 section. The protection controllers on both sections were able to detect and
isolate their corresponding section. Since the second short-circuit fault was triggered before the
clearance of the first fault, an additional 45ms-tripping delay was noted on the second controller
Figure 69(b). As a result, it took the DC grid bus voltage a longer time to recover when compared
to the first iteration.
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Figure 69: Proposed Protection Controller Short-circuit Response
(a) Fault on Z1C21 Section
(b) Fault on Both Z1C21 and Z2C14

Case 2: To validate the ability of the proposed protection controller to distinguish between shortcircuit fault(s) and system bus disturbance, the following scenarios have been simulated:
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A 100 kW PPL is applied to the shipboard MVDC system at Z1CS21 section. DC grid
bus voltage and current waveform disturbances have been captured and displayed in Figure
70(a). No trip response was initiated by either controller.



In the second simulation, the power level was increased from 100 kW to 500 kW and the
pulsed duration from 1ms to 4ms. The DC bus voltage and current waveforms as shown
in Figure 70(b) exhibit a severe disturbance. The disturbances are quite like the double lineto-ground, short-circuit response captured in Chapter 2, Figure 52. However, the disturbances

did not cause the proposed protection controllers to send a tripping command (and thus the
system is secure from a false trip).


In this final iteration, both the 100 kW and 500 kW PPL system were triggered on the
shipboard MVDC system. The DC bus voltage and current waveforms—as shown in
Figure 70(c)—exhibit a more severe disturbance than the second iterations. However, the
proposed protection system was able to discriminate between the PPL disturbance from a
short-circuit. As a result, no tripping command was sent by the protection controllers.
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Figure 70: DC Grid Disturbances Under PPL Loads
(a) 100 kW PPL Disturbance with 1ms Pulse Width
(b) 500 KW PPL Disturbance with 4ms Pulse Width
(C) 100 kW and 500 kW PPL Disturbances at 1ms and 4ms
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5.3

CONCLUSION


A comprehensive investigation and analysis were undertaken on various types of shipboard
MVDC system dynamic faults and disturbance behaviors. MVDC short-circuit faults—
such as positive or negative bus to ground, both positive and negative buses to ground, and
pulsed-power load(s) disturbances—were the fault modes investigated along with PPL
dynamics.

The main conclusions of this study are as follows:


Based on the system responses, a novel communications-based fault protection control
algorithm was designed. The proposed protection controller was designed as a solution to
distinguish between system dynamic faults and transient bus disturbances such as PPL.



The effectiveness of the novel protecting scheme to respond to short-circuit fault(s) is
validated in two steps. Short-circuit faults were triggered at Z1CS21 cable section and at
Z1CS21 and Z2CS14 cable sections respectively. The proposed protection system has
correctly responded by detecting, localizing, and isolating the faulty section(s) in both
scenarios.



The protection scheme ability to discriminate between a short-circuit fault(s) and a PPL is
also validated using PPL disturbances at different ramp-time rates, pulse widths and power
levels. Even though the shipboard MVDC system has experienced severe disturbances
under these circumstances, the protection-system, trip-command response remained
unaffected.

The work offers a new approach to protecting future MVDC shipboard systems, which are being
heralded as the next generation of power systems for naval vessels. The results shown are
encouraging in that the proposed protection system can function reliably under highly dynamic
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mission load profiles, offering better discrimination between future pulsed-power loads and
genuine faults.
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CHAPTER 6
CONCLUSIONS AND FUTURE WORK

6.1

CONCLUSIONS
The challenges associated with two key components of integrated shipboard power

generation and distribution systems are addressed in this dissertation. As discussed above modern
flywheel energy storage and medium voltage DC power distribution systems input energy by
emanating from a rectification of an AC voltage into a DC voltage. For the FESS, one of the
breaking points between the systems occurs when the DC link voltage is controlled by the machine
side converter, which then feeds inverted energy to the machine flywheel assembly. As for the
MVDC, the DC voltage can either be controlled or uncontrolled by the grid side converter. In this
work, a thyristor is used to rectify and control the grid energy to a 12 kV DC voltage. Regardless
of whether the controlled or uncontrolled method is used, the DC voltage of the MVDC system is
rectified and fed to a common DC bus, which serves as a platform for many DC voltage processes.
Both in-depth investigation and attention have been given to this DC-link in this dissertation in
order to improve upon the available techniques.
For the FESS, unlike relying on the traditional system automation as the only path of
discharging energy back to a grid through the DC-link, a mechanical discharged path is proposed
in this dissertation. Through an exhaustive mathematical derivation in D-Q reference, a backup
charge/discharge path is proposed. The reason behind using the D-Q (also called Park and Clark
Transform) is to:
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1. Reduce the system mathematical complexity by transforming the grid voltage and current into
a synchronous rotational frame so that all the signals are transformed into two-phase DC
components.
2. Decouple the PMSG output current into its active and reactive current so that each current can
be controlled independently which enable the implementation of a three-way mechanical
switch into the proposed design.
The mechanical discharge path is a combination of the three-way mechanical switch and a
PI controller that takes as input an error signal, which emanates from a reference and a desired DC
voltage. In addition, the same three-way mechanical switch can be used to recharge the FESS
once the system’s normal operational conditions are restored. The FESS mathematical derivation
is presented in Chapter 3. In Chapter 4, the derivation is simulated and validated using MATLAB
Simscape package. This part of the dissertation addresses the critical redundancy factors in
military conditions (such as if the automation control or logic fails during operation). Furthermore,
through this work, future and more reliable FESS systems can effectively be developed and
proposed.
For the MVDC system, in response to the high inclination of the US Navy adopting DC
distribution systems for future state-of-the-art fleets, the DC-link voltage is used as a distribution
bus system that feeds a DC grid instead of a machine/flywheel assembly. The system has been
simulated using MATLAB Simscape package.

Through the DC-link distribution bus, a

comprehensive study on various types of plausible shipboard MVDC system dynamic faults and
disturbance behaviors have been observed and discussed. In Chapter 4, different combinations of
the system short circuit to ground are carried out. Furthermore, a PPL disturbance with and without
system dynamic fault (s) was also analyzed. Some of the key findings are:
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1. The combination of positive and negative buses to ground carries a more severe disturbance
than solely a positive or a negative bus to ground.
2. When a PPL coexists with short-circuit faults on the same DC-link distribution system, the
system dynamic transient disturbance mimics the short-circuit behaviors.
3. The DC current dynamic fault transient of the short-circuit fault is almost identical to the
PPL disturbance without a fault current transient. This is the most important finding that
was unaddressed in the literature but resolved in this dissertation.
Based on these findings, a novel communications-based overcurrent fault protection controller was
developed and proposed. The proposed protection controller algorithm aims to distinguish
between system dynamic faults and transient bus disturbances such as PPL. It is worth mentioning
that MVDC systems are currently still under development, but until recently, no standard
protection system had been implemented in AC systems. The proposed fault protection system is
simulated using MATLAB Simscape package. The system performance and validation are
presented and discussed in Chapter 5.

6.2

FUTURE WORK
It was shown in this dissertation that a DC-link voltage can be used to supply a FESS and

a DC distribution system. Both systems are key components of an integrated shipboard power
system. However, improvement of the power quality vulnerability on the system stability should
be an ongoing battle. For this reason, further analysis should include the following:
1. Developing a simulation and or an experimental shipboard distribution system that
integrated both the developed alternate and auto power sag correction systems. The new
system can be tested for dynamic PPL and short-circuit fault disturbance. Furthermore, a
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consideration should be given at the time delay it will take each system to correct the power
sag. An anticipated higher trip time delay can be attributed to the manual discharge because
it requires manpower to flip a switch, and there is also the time delay it will take the switch
to close and send the signal.
2. Developing a simulation and or an experiment shipboard MVDC system that integrate an
alternate and or auto FESS. The performance of the distribution system can be tested
following the steps used in Chapter 3 and 4. Proposing a fault protection system such as
the technique developed in Chapter 5 can be considered. Improvements on the available
fault protection and voltage sag correction systems can be made by merging both issues on
the same platform.
3. A global communication dependent backup protection can be added to improve the
proposed controller. In case of the proposed system failure during a short-circuit fault, the
communication dependent global controller can trigger a trip. Furthermore, Artificial or
Computation Intelligence (ACI) can also be used to improve the robustness of the proposed
protection controller (but at the cost of slower system response, which is due to
complexities related to ACI and memory requirement).
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